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In the present work, the results obtained from the physical, fluid dynamic and 
thermochemical characterization of available Colombian residual biomasses are 
reported. These biomasses were identified through the assessment of their technical 
energy potential. Data and analysis presented here have the potential to be the used as 
basis for further research aiming to the design, modeling and optimization of fluidized 
bed reactors for thermochemical conversion of residual biomass. In this way, the present 
thesis allows recognizing interesting residual biomasses in Colombia and defining the 
technical conditions at which they can efficiently be transformed to valuable products 
through thermochemical processes in fluidized bed reactors.    
Besides its technical character, the present work complements previous gasification and 
pyrolysis studies made in the research group on Biomass and Optimization of Thermal 
Processes – BIOT of the Universidad Nacional de Colombia. The use of residual biomass in 
fluidized beds in Colombia represents a valuable, renewable and clean option to produce 
power and/or fuels (also decentralized), and hence, to stimulate social, environmental 
and economic development in the country.  
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1. INTRODUCTION 
The adverse effect of greenhouse gases emission due to the overwhelming consumption 
of fossil fuels worldwide has awakened scientific discussions and motivated innumerable 
researches nowadays. It is commonly accepted by the main part of society and 
governmental organizations that different strategies and efforts must be adopted in order 
to stabilize or to reverse this problem. Gases such as CO2, CH4 and N2O are the most 
representative responsible of global warming [1], but it is on CO2 where the controversy 
concentrates due to the fact that more than 40 % of the total emissions of CO2 are related 
with energy production [1][2].   
Energy supply security is a priority despite of the recognizable problems and limitations. 
In order to reduce CO2 emissions two central approaches [3] are proposed as short and 
medium term strategies considering the actual energy scenario: (1) optimizing actual 
thermal processes, and (2) uncoupling energy supply from CO2 emissions through: 
✓ Technology developments focus on renewable resources. 
✓ Industrial technology development for CO2 capture and storage. 
✓ Use of fuels with lower carbon content such as biomass. 
Nowadays, optimization of thermal processes based on fossil fuels is imperative, since 
completely CO2 free alternatives do not have the economic competitiveness and 
technologic maturity to ensure total energy supply yet. However, a promising future 
energy panorama based on renewable energy technologies appears in the horizon since a 
total global renewable power capacity of 2 017 GW by the end of 2016 was registered 
reaching a 24.5 % share of the total global energy production and more renewable power 
capacity is annually added worldwide that it is added from all fossil fuel technologies 
combined [4]. China has more than one-quarter of the world´s renewable power capacity, 
totaling approximately 564 GW, including about 305 GW of hydropower [4]. Regarding 
non-hydro renewable power capacity, wind power met 37,6 % of electricity demand in 
Denmark, 27 % in Ireland and 24 % in Portugal and solar photovoltaic accounted for 9.8 
% of electricity demand in Honduras, 7.3 % in Italy, 7.2 % in Greece and 6.4 % in 
Germany [4].    
Intensive work is made focus on carbon dioxide capture and storage technologies while 
using fossil fuels for power production. In one approach, CO2 is captured directly from the 
industrial source, concentrated into a nearly pure form, and then pumped deep 
underground for long-term storage [5]. Recently advances encompass post-combustion, 
pre-combustion capture and combustion of fossil fuels in a pure oxygen environment. 
The second approach deals with capturing CO2 directly from the atmosphere by 
enhancing natural biological processes in plants, soils, and marine sediments [5].  
The power sector based on combustion focuses more and more on biomass. In 
comparison with conventional liquid and gaseous fossil fuels, biomass is more complex 
and expensive to handle, store, transport and transform to electric energy. Although, 
biomass has also some technical disadvantages due to its stability and viability as a fuel, 
with extreme variable physical properties, high moisture and ash contents and 
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comparative low heating value [6]. It is also true that biomass represents a carbon 
neutral renewable energy source with a high potential to be used not only in developed 
but also in developing countries [7].  
There are many ways by which biomass feedstocks can be converted into useful 
renewable energy. Moreover, a broad range of organic wastes and residues (known as 
residual biomass) generated from existing productive processes can be used directly as 
fuels for heating and cooling, or they can alternatively be converted into gaseous or liquid 
fuels for transport and as replacement for petrochemicals bases [4] avoiding the conflict 
between fuels and food [7]. Thermochemical conversion processes such as pyrolysis, 
combustion and gasification are characterized by higher conversion rates, process 
flexibility and efficiencies in comparison to other conversion processes [8]. There, biofuel 
is continuously transformed, first in a primarily non-reactive environment (pyrolysis) 
and subsequently oxidized in a reactive atmosphere mainly composed by O2, CO2 or H2Og 
where heterogeneous reactions take place (combustion and gasification). Research on 
designing and optimization of thermochemical reactors and general processes must be 
done in order to ensure high contact efficiency and suitable contact time between the 
solid fuel and the gaseous phases [9].  
One of the most attractive technologies to favor gas-solid reactions is fluidized beds, 
where higher contact efficiency between the phases and therefore, higher heat and mass 
transfer coefficients are achieved [10]. Conversion processes of organic solid fuels such 
as pyrolysis, gasification, combustion, catalytic cracking and sorption enhanced 
reforming have been recently implemented in bubbling and circulating fluidized beds 
exhibiting remarkable performances [11]. 
Such processes have the ability to diversify energy generation for the existing Colombian 
industry and to increase energy security in Non-Interconnected-Zones (ZNI) in Colombia 
where power supply is occasionally provided by diesel plants [12]. Moreover, they can be 
adapted to multiple available fuels even for those with low heating value, and to a 
particular community since they combine: 
✓ Technical flexibility and robustness. 
✓ High thermal and power efficiencies. 
✓ Low and controllable CO2 and NOX emissions. 
Taking into account the huge quantities of residual biomass generated in Colombia and 
the emerging energy and power clean technologies especially in developed countries 
[13]; the conversion of organic solid fuels by thermochemical processes in fluidized bed 
owns a remarkable potential to be a valuable branch of the social development and the 
energy panorama in Colombia. Problems such as the environmental consequences of 
uncontrollable exploitation and use of fossil fuels, visible energy shortage caused by the 
El Niño, international economic instability, and the necessity of guarantying 
decentralized and sustainable power supply in the country can also be mitigated by using 
and transforming residual biomass. 
The technologic advantages and problems discussed above, let infer the necessity for 
implementing innovative energetic technologies and complementary social, 
environmental and economic policies in Colombia [14]. The issued Law 1715 of 2014 
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[15] supports the use of residual biomass and other renewable energy systems in the 
country, and aims to open a legal framework for the implementation and integration of 
non-conventional energy sources and technologies to the National Energy System.  
In this regard, the present thesis concentrates on assessing the technical energy potential 
of residual solid biomasses generated in Colombia and identifying which of those are 
available at the moment to be transformed through thermochemical conversion 
processes in fluidized bed reactors. Based on those findings, residual biomasses are 
selected and characterized pursuing to identify their suitability for fluidization 
applications. The technical assessment of the biomasses includes their physical, fluid-
dynamic and thermochemical characterization.   
The physical properties under analysis encompass the moisture content, particle size 
diameter and distribution, bulk density, particle density, sphericity and particle 
classification on the Geldart´s diagram. The fluid dynamic characterization is performed 
in a cold flow unit using air as fluidization medium. First set of experiments are carried 
out using just biomass particles. The second set of experiments comprise the fluidization 
of binary mixtures between 3 % and 10 % of biomass in weight using sand as bed 
material. The effect of the mass fraction and the physical properties on the quality of 
fluidization is analyzed. Regarding the different fluidization phenomena observed, 
quantitative and qualitative analysis are performed and important findings are reported 
regarding the prediction of the minimum fluidization velocities of binary mixtures. 
Finally, thermochemical characterization is carried out exhibiting the proximate analysis, 
ultimate analysis, the calorific value and ash composition of the biomasses under study.        
The results obtained enabled the evaluation of their technical aptitude as a renewable 
and clean fuel to be converted in fluidized bed reactors. Besides, the technical 
characteristics that favor biomass fluidization and specific biomass concentrations 
suitable for fluidization of each biomass are identified.  Data and analysis presented here 
are new for the scientific Colombian community, and aim to broaden the understanding 
of the fluidization operations using residual biomass particles and to contribute to the 
design, modeling and optimization of fluidized bed reactors for thermochemical 
















To evaluate the suitability of different residual biomasses generated in Colombia for 
thermochemical conversion processes in fluidized bed reactors through the assessment 






➢ To identify and classify the residual biomass sources with the highest production 
and potential impact in Colombia to be used in thermochemical conversion 
processes, by compiling a database with the most relevant technical data. 
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physical, fluid-dynamic, and thermochemical characteristics.   
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2. THEORETICAL BACKGROUND 
2.1 Biomass 
The use of renewable energy sources is becoming increasingly necessary since it is 
mandatory to mitigate global climate changes and reduce dependency of fossil fuels while 
ensuring energy supply. Biomass is defined as the organic matter derived from plants and 
animal material, such as wood from natural forests, waste from agroindustry, forestry, 
human or animal wastes [16]. It is a stored source of solar energy in the form of chemical 
energy, which can be released when the chemical bonds between adjacent oxygen, 
carbon, and hydrogen atoms are broken [17], which can be done by processes such as 
digestion, combustion or decomposition. Therefore, the use and value of a particular type 
of biomass depends on its chemical and physical properties.   
Biomass is a renewable energy source that may dramatically improve the environment, 
economy, and energy security [8]. It has been used throughout the entire mankind 
history; long ago people used wood as the main material to produce heat by combustion, 
and more recently, fossilized biomass in form of coal, gas and oil are the main sources of 
energy. However, since it takes millions of years to convert biomass into fossil fuels, these 
are not renewable within a human time-scale [18]. Burning “old” biomass can release 
“old” CO2 to the atmosphere favoring greenhouse effect. Burning “new” biomass 
contributes no new CO2, because replanting harvested biomass, ensures that CO2 is 
absorbed and returned for a new growth cycle [18], this supports its renewable 
character. 
Environmentally, using biomass has also the advantage of diminishing NOX and SOX 
emissions in comparison to fossil fuels, which also plays a positive role in reducing global 
acid rain formation [17]. Nevertheless, there are also negative impacts when biomass is 
transformed inadequately, such as the emission of polycyclic aromatic hydrocarbons, 
dioxins, furans, volatile organic compounds, and heavy metals [8]. Future economic 
projections indicate that biomass will be a key factor to soften the effects of increasing 
fossil fuels prices, to create thousands of jobs, to help revitalize rural communities, 
among others [8][19].  
2.1.1 Energy from biomass 
Biomass can be converted into three main types of products: heat and electrical power, 
transportation fuels and chemical feedstocks [18]. Lignocellulosic biomass consists 
mainly of cellulose (40 – 50) % w/w, hemicellulose (20 – 40) % w/w, lignin (5 – 30) % 
w/w and small amounts of other extractives (5 – 15) % w/w. These polymers are 
associated with each other in a heteromatrix (figure 1) to different degrees and varying 
relative composition depending on the type, species, an even place of origin of the 
biomass [20]. Cellulose constitutes the structural basis of plant cells formed by multiple 
molecular glucose chains. Hemicellulose is composed by different short and branched 
sugar chains, opposite to cellulose, it is not chemically homogeneous. These 
monosaccharides include pentoses (xylose, rhamnose, and arabinose), hexoses (glucose, 
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mannose, and galactose), and uronic acids [20]. Lignine is an aromatic polymer which 
provides rigidity to the cell wall, protection against environmental agents and attack of 
microorganisms. 
 
Figure 1. Main components of lignocellulosic biomass [21]. 
Energy from biomass can be recovered through mechanical, chemical, biochemical and 
thermochemical processes [22]. Depending on the process selected, some particular 
material properties become more important during subsequent processing. For dry 
conversion processes, moisture content, calorific value and fixed carbon fraction, 
volatiles and ash content are predominant; while wet biomass conversion processes are 
governed by moisture content and cellulose/lignin ratio [18]. 
Generally speaking, mechanical processes do not change the state or the composition of 
the biomass. They only transform the material through particle size reduction or 
separation of feedstock components [23]. Chemical processes such as hydrolysis and 
transesterification carry out the change in the chemical structure of the molecule by 
reacting with other substances [24]. Biochemical conversion includes two process 
options: anaerobic digestion (for biogas production, a mixture of mainly methane and 
carbon dioxide) and fermentation (for ethanol production) [25]. Thermochemical 
conversion processes, especially gasification, represent the main focus of the present 
work and will be discussed below in more detail. 
2.1.2 Thermochemical conversion processes (TCC) 
These processes offer an efficient way to provide gaseous, liquid and solid fuels and a 
base to synthetize chemicals derived from biomass [26]. Combustion, pyrolysis and 
gasification represent the main thermochemical processes as it can be observed in figure 
2. Biomass liquefaction, another thermochemical conversion process, combines 
hydrogenation and thermal decomposition at high pressure and temperature. 
Pyrolysis consists in the thermal decomposition of the biomass in absence of oxygen into 
liquid (called tar or bio-oil), solid (char) and gas (H2, CO, CO2, H2O and CH4) fractions [25]. 
Each of these products finds an application in the industry; bio-oil can be converted to 
liquid fuels useful for transportation system; chars are mainly transformed to activated 
carbon and used as filter and purification agent for gaseous and liquid streams; and gases 
can produce heat and power in turbines or engines. Pyrolysis takes part in the earliest 
stages of combustion and gasification processes below 500 °C. Depending of the heating 
rate, feedstock´s properties, maximum temperature and residence time, it is possible to 
control the proportion of the products [27]. Figure 3 shows a typical distribution of the 
products during pyrolysis of oil palm shell with a heating rate of 3 K/min by 
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thermogravimetric analysis [22]. Here, 30 % of the final mass fraction corresponds to 
char, 20 % to permanent gases and the 50 % remaining to tars and water.      
 
Figure 2. Thermochemical processes for biomass conversion, main products and applications. 
Figure adapted from [22]. 
 
Figure 3. Products fractions during pyrolysis of oil palm shell at 3 K/min[22]. 
Combustion is a highly exothermic reaction (able to reach temperatures around 1 000 °C) 
in an oxidizing atmosphere. It is the most popular process that has been used throughout 
the history due to its simplicity. It is used to convert the chemical energy stored in the 
chemical bounds of the biomass into heat and eventually into power. The efficiency of the 
process depends mainly on the reactor design, operation conditions and thermochemical 
and physical properties of the fuel, especially its moisture content, (feasible in practice 
only for biomasses with moisture contents below 30 %).  
This process normally takes place in steps; particle heating and drying, devolatilization 
(pyrolysis) and volatile combustion, swelling and primary fragmentation, and 
combustion of char with secondary fragmentation and attrition [10]. Considering carbon, 
hydrogen, nitrogen, oxygen and sulfur as principal constituents of biomass, complete 
combustion can be modeled as follows: 
𝐶𝑥𝐻𝑦𝑁𝑧𝑂𝑤𝑆𝑣 + 𝑚𝑎𝑖𝑟−𝑡ℎ(𝑂2 + 3.76𝑁2) → 𝑏𝐶𝑂2 + 𝑐𝐻2𝑂 + 𝑑𝑁2 + 𝑒𝑆𝑂2 + 𝑓𝑁𝑂2 (1) 
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In equation 1, mair-th corresponds to the stoichiometric amount of air necessary to burn 1 
kg of biomass completely. Time, turbulence and temperature are three major 
requirements of a good combustion process, in this case only the products in equation 1 
will be present in the flue gas. If combustion is not satisfactorily achieved, some 
pollutants could be released to the atmosphere; an excess of oxygen is therefore 
generally needed. 
Gasification regards to a series of endothermic reactions that can be either supported by 
the heat released from the combustion (autothermal) or by an external heat source 
(allothermal). Gasification yields combustible gases such as hydrogen, carbon monoxide, 
carbon dioxide and methane [10]. The process is governed by two types of reactions, 
heterogeneous reactions or primary reactions which take place between the gasification 
agent or the generated gases and the char, and homogeneous or secondary reactions 
which take place between the gaseous products formed from the heterogeneous 
reactions and the gasification agent. The five major gasification reactions are identified in 
gasification process and summarized in table 1 [10]; enthalpies of reaction at standard 
conditions (298 K, 1 atm) are indicated. 
Table 1. Most relevant gasification reactions. 
Reaction Type Formula 
Enthalpy of 
reaction / kJ/mol 
Oxidation Heterogeneous 𝐶 + 𝑂2 ↔ 𝐶𝑂2 -394.00 
Steam reforming  Heterogeneous 𝐶 + 𝐻2𝑂 ↔ 𝐻2 + 𝐶𝑂 131.38 
Methanation Heterogeneous 𝐶 + 2𝐻2 ↔ 𝐶𝐻4 -87.40 
Boudouard Heterogeneous 𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 172.58 
Water-gas shift  Homogeneous 𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 -41.98 
The oxidation of carbon can provide the thermal energy needed for the endothermic 
reactions taking place inside a gasifier; if oxygen is present, it can react with the 
combustible resulting in the formation of CO2. The water-gas reaction is the partial 
oxidation of char by steam that produces H2 and CO. Since it is endothermic, the system 
must be continuously heated to keep this reaction going. The methane formation 
(methanation) is desirable especially when gasification products are meant to be used as 
a feedstock for other chemical processes [10]. The Boudouard reaction is an endothermic 
reaction where char reacts with the CO2 atmosphere forming carbon monoxide as 
product. The shift conversion reaction is a homogeneous exothermic reaction where 
carbon monoxide and steam produce carbon dioxide and hydrogen.   
Synthesis gas or syngas is the objective product to be obtained from biomass gasification. 
This is a gas mixture composed mainly of hydrogen and carbon monoxide, products 
highly important in the chemical and energy industry. Besides coal and biomass 
gasification, catalytic steam reforming of natural gas and partial oxidation of heavy 
hydrocarbons are two industrial processes used to produce syngas from non-coal sources 
[28]. Three types of syngas, characterized by their H2/CO ratio, are currently needed. Low 
ratio syngas, H2/CO = 0.4 – 0.8, can be subsequently transformed by liquid phase 
methanol synthesis and Fischer-Tropsch to produce methanol, wax or liquid fuels; 
moderate ratio syngas,  H2/CO = 0.8 – 1.8 as precursor of acetic anhydride, synthesis 
agent of multiple products of plastics and pharmaceutical industry; and high ratio syngas, 
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H2/CO = 1.8 – 2.5 utilized as raw material for ammonia production [28]. The gas quality is 
controlled by adequately setting the gasification parameters, the type of gasifier and 
additional gas cleaning systems. Gasification parameters and types of gasifiers are 
discussed below. 
2.1.3 Gasification parameters 
➢ Type and concentration of the gasification agent. 
The gasification agent, its concentration and time given for the reactions to take place, 
define the products obtained in the process. As it can be observed in table 1, O2 (or air), 
H2O(g), H2 or CO2 are the most common gasification agents used in the industry. Air has 
the advantage of high availability and low cost; however, the product gas has a low heat 
calorific value(around 3 MJ/Nm3 – 6 MJ/Nm3) [22]. An Air-Fuel equivalence ratio (AFR) 
between 0.2 and 0.3 is commonly employed [10]. Using O2, H2O or H2 allows having a 
product gas with an equivalent energy of (10  to 15) MJ/Nm3, (13  to 20) MJ/Nm3 and 
even 40 MJ/Nm3, respectively. The gasification agent also determines both the 
development of the char´s porosity (the formation of meso and macropores is favored 
using H2O while micropores are promoted by CO2), and the reaction rate, (higher when 
H2O agent is used). This last parameter depends not only on the nature of  the gasification 
agent but its concentration; being higher when partial pressure of the gasification agent 
is increased [22].  
➢ Gasification temperature. 
The gasification temperature, commonly set between 800 ° C and 900 ° C, controls the 
velocity of chemical reactions taking place as well as the mass transport phenomena that 
may develop [29]. High temperatures promote gasification, cracking and reforming 
reactions. Nevertheless, extremely high gasification temperatures reduce the process 
eficiency since ash agglomeration [30] and temperature gradients within the particles 
[29] occur, favouring surface reactions and reducing the amount of gas generated.     
➢ Char characteristics. 
Char is formed during the conversion process and the development of its estructure is a 
result of  the gasification conditions and the original structure of the biomass [22]. Char´s 
surface is generally accepted as the location where most of the chemical reactions take 
place during gasification and it should be related to the reactive surface area (RSA) of the 
char [31]. This is the region where the concentration of carbon atoms on which 
intermediate carbon-oxygen surface complexes C(O) are formed and decomposed to give 
gaseous products [32]. It is to be distinguished from “stable” C(O) complexes whose 
residence time on the surface is much longer. Thus, adsorption, reaction and desorption 
processes in the char surface are dominated by the quantity of active centers in the char 
and how the reactive surface changes during gasification. 
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2.1.4 Types of gasification reactor  
Gasification reactors are classified depending upon how the gas and fuel contacting 
occurs. They can be divided into fixed, moving, fluidized and entrained bed reactors [10]. 
Fixed bed reactors are easy to assemble, maintain and control but they require specific 
physical fuel properties, especially adequate fuel particle size and moisture content. In 
these reactors, the gasification medium flows through a static (or nearly static) bed of 
solid fuel particles that can be fed to the reactor in batches or continuously. Solid phase 
slowly moves downward while it is transformed inside the reactor. When entering the 
reactor, the fuel moisture is removed at the drying zone (>150 °C) then, volatilization 
occurs at the pyrolysis zone (150 – 700) °C where light gases, tar and char appear. 
Subsequently, partial char oxidation and tar cracking take place at the combustion zone 
(700 – 1 500) °C releasing heat that supports the entire process. Finally, gasification 
reactions reduce the products to combustible gases at the gasification zone, mainly 
through the reactions presented in table 1 (800 °C – 1 100 °C). 
This type of gasifiers can be classified taking into account the flow direction of the 
oxidizing medium in regard to the fuel (figure 4): (a) the updraft schema is where the 
medium flows upwards, (b) downdraft where the medium flows downward and (c) cross-
draft where the fuel is fed from the top and the medium flows sideways. In the first 
configuration the product gas is released at temperatures below 300 °C, improving the 
thermal efficiency of the reactor, but tars generated in the pyrolysis zone do not cross 
high temperatures zones, and therefore, their concentration in the product is high. On the 
contrary, gases with a low tar content are obtained using downdraft gasifiers since tar 
are decomposed in the combustion and gasification zones, this is achieved on the expense 
of thermal efficiency. Cross-draft gasifiers are suitable for low ash fuels such as wood, 
charcoal and coke, they offer short start-up times. However, some disadvantages are also 
related to their operation such as high exit gas temperature and minimal tar-converting 
capabilities. 
Moving bed gasifiers such as rotary drum reactors offer broader flexibility regarding the 
physical characteristics of the fuel. Their constructive form is defined by the type of 
heating and the relative flow direction of fuel and agent [33]. Reaction heat can be 
provided directly or indirectly depending on whether or not there is direct contact 
between the heating medium and the reacting mixture. Regarding the flow direction, the 
volatile matter can be transported in the same direction of the solid phase or in the 
opposite direction (countercurrent).  These types of rectors also find wide application in 
pyrolysis and incineration processes. 
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Figure 4. Fixed bed reactor gasifiers configurations: (a) updraft, (b) downdraft, and (c) cross-
draft. 
Fluidized bed gasifiers ensure an intensive gas–solid mixing due to the continuous 
movement of particles inside the reactor. In these reactors, solid particles turn into a 
fluid-like state via contact with a gas (gasification agent) or liquid [10]. In this kind of 
reactors, the location of drying, pyrolysis, combustion and gasification zones are not 
distinguished, instead, all biomass particles undergo the different processes through the 
time they stay in the reactor, the temperature is therefore uniform and easier to be 
controlled. Fluidized beds are especially good for biomass gasification since higher heat 
and mass transfer coefficients between gas and particles are offered, compared with 
other modes of contacting, making them suitable for materials with low heating values, 
low fixed carbon fractions and high moisture contents [11]. Fluidized bed technologies 
include bubbling fluidized bed gasifier (BFBG) and circulating fluidized bed gasifier 
(CFBG) designs [10]. BFBGs find use in small to medium capacity applications (below 25 
MWth) while CFBGs are likely to be best technological and economical choice for large – 
scale coal and biomass gasification. Because of the above mentioned advantages, fluidized 
bed gasifiers represent the main focus of the present thesis. Fluidization theory and 
operation characterization are presented in detail in section 2.2.        
Entrained bed gasifiers consist on a vertical reactor through which fine particles of 
biomass (or other fuel) flows and reacts with the gasification agent. Entrainment refers to 
the pneumatic convey of very fine solids particles into a gaseous phase [34]. They operate 
at high pressure and temperature over the ash melting point guarantying a clean gas 
product. The gasification reactions occur at a very high rate, promoting carbon 
conversion efficiencies of (98 – 99.5) % [13]. Main disadvantages are related to large 
demand of energy, strict maintenance, short life of system components and low thermal 
efficiencies. 
In table 2, some advantages and disadvantages of fixed, moving, fluidized and entrained 
bed reactors are summarized and contrasted [10] [11].  
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Table 2. Comparison between fixed, moving, fluidized and entrained bed reactors [10][11] 
Parameter Fixed bed Moving bed Fluidized bed Entrained bed 
Maintenance Low Moderate Moderate High 
Power production Small to medium scale Small to medium scale Medium scale Large scale 
Feedstock tolerance 
Low-rank coal and 
biomass 
Low-rank coal and 
biomass 
Low-rank coal and 
excellent for biomass 
Any coal but unsuitable 
for biomass 
Feed size < 50 mm < 40 mm < 6 mm < 0.15 mm 
Tolerance for fines Limited Limited Good Excellent 
Tolerance for coarse Very good Very good Good Poor 
Exit gas temperature 
250 °C updraft – 900 °C 
downdraft and sidedraft 
450 °C – 650 °C 800 °C – 950 °C > 1 260 °C 
Cold gas efficiency 80 % 85 % 89.2 % 80 % 
Temperature distribution 
in the bed 
Large temperature 
gradient between zones 
Temperature gradients 
can be controlled by 
proper gas flow or solid 
circulation 
Temperature is almost 
constant throughout and 
it can be controlled by 
heat exchangers 
Temperature gradients 
are severe and difficult to 
control 
Pressure drop 
Low because of large 
particle size 
Intermediate between 
fixed and fluidized beds 
High for deep beds Low 
Fuel mixing Poor Poor Very good - Excellent Moderate 
Problem areas 
Tar production and 
utilization of fines 
Tar production and 
assembly issues 
Carbon conversion and 
control on particle 
residence time 
Raw gas cooling and 
components wear 
Nature of ash produced Dry Dry Dry Slag 
Universidad Nacional de Colombia –Bogotá D.C 29 
 
2.2 Fluidization 
2.2.1 Fluidization regimes 
Fluidization can be achieved if a fluid is forced to pass upwards through a bulk of 
particles at such a velocity that the bed material weight is overtaken by the fluid drag 
force. Eventually, different fluidization regimes are observed depending on the flow 
velocity as presented in figure 5. At a low flow rate, the bed material remains motionless 
(fixed bed, figure 5a) and the fluid merely percolates through the void spaces between 
the stationary particles defining the bed void fraction at rest, ɛ0 [11]. Generally, 
increasing fluid velocity (or flow rate analogously) causes few vibrations and particles 
tend to move apart until the minimum fluidization velocity, Umf, is reached (figure 5b). At 
this point, all particles are just suspended by the upward-flowing gas due to two 
phenomena, the frictional forces between particles and fluid counterbalances the weight 
of the bed, and the vertical component of the compressive forces between adjacent 
particles becomes zero [11].  
 
Figure 5. Types of fluidization and particle contacting [11]. 
A further increase in flow rate beyond minimum fluidization velocity, introduces 
instabilities to the bed resulting in the formation of bubbles, channels or slugs (plug 
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flow).  The occurrence of these regimes depends on the ratio between particle size and 
reactor diameter as well as in the nature of the particles. In a bubbling regime (figure 5c), 
the mixing of the particles increases and bubbles appear at the bottom of the bed. While 
rising axially, bubbles grow and coalesce until they burst at the top of the bed. Through 
this effect, particles dragged in the bubble´s wake are thrown up to the freeboard [35]. At 
velocities slightly higher than minimum fluidization, deep beds could induce axial slugs 
while narrow reactors present flat slugs. Axial slugs (figure 5d) consist of bubbles that 
coalesce and grow to sizes close to the reactor diameter and rise rapidly along the center 
of the bed making the particles flow smoothly down next to the wall. Flat slugs (figure 5e) 
cover the entire cross sectional area of the fluidization chamber and rise pushing 
upwards the bed above the bubble as a piston. Particles rain down from the slug, which 
finally disintegrates at the top, new gas slugs are periodically formed [11]. Slugging is 
considered to be a malfunction of the bed and it should be avoided for industrial 
applications since the consequently poor mixing of phases limits mass and heat transfer.  
Once the terminal velocity of the particles (Ut) is exceeded, the bed surface is not 
identifiable anymore and entrainment becomes important (figure 5f). Instead of bubbles, 
bed is characterized by a turbulent state where clusters and voids of different sizes are 
formed. Here transport phenomena are highly incremented. Higher velocities imply that 
the bulk of solids is carried out of the bed (figure 5g), pneumatic transport is attained. 
These last regimes are suitable for circulating fluidized bed reactors, there, the entrained 
particles are separated from the gas, collected and returned to the bed. 
A typical fluidization curve is presented in figure 6. It shows the total pressure drop of 
the bed (Δp) as a function of the superficial gas velocity, U (defined as the gas flow rate 
per cross sectional area of the bed, as if there were no particles in it), which changes as 
the bed passes from fixed bed to bubbling bed to pneumatic transport regimes. A linear 
steady increment of the pressure drop characterizes the fixed bed state. Beyond a specific 
point called the initial fluidization velocity, the partial fluidization regime is achieved, this 
transition last until the final fluidization velocity, where the pressure drop stabilizes 
around and specific value. In this zone, particles float given the balance between the 
gravitational and fluid´s drag forces; the minimum fluidization velocity is determined as 
the interception between the linear projections of lines for fixed and complete fluidized 
states. At this point, all the particles are essentially supported by the gas stream and the 
bed voidage corresponds to the loosest packing of a packed bed, ɛmf [35]. As the gas flow 
eventually stops, a gentle tapping of the bed will reduce the voidage to its stable initial 
value, ɛ0. [35]. A peak in pressure drop can be observed at this point due to bed pre-
compaction and wall effects, this is can be expected for homogeneous beds but not for 
binary systems or when highly heterogeneous particles are handled. Once the final 
fluidization velocity is surpassed, larger instabilities are introduced to the system 
forming a bubbling fluidization regime. Bubbles are formed at the bottom of the bed. 
They grow and coalescence while rising axially until they burst at the top of the bed 
throwing up particles to the freeboard. Higher gas velocities resulting in the formation of 
turbulent regimes and as soon as the superficial velocity exceeding the terminal velocity 
of the particles. They are carried out from the vessel and the drop pressure can either rise 
as a function of the growing frictional forces or fall if the mass of particles in the reactor 
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decreases. Real operations might vary from the behavior presented in figure 6 due to the 
action of microscopic forces not considered in the analysis, or due to considerable 
variations in the characteristics of the particles as it will be discussed in section 2.2.3.  
 
Figure 6. Typical fluidization curve showing the transitions between fixed, bubbling and 
pneumatic transport regimes. 
2.2.2 Mathematical description of the fluidization process 
Fluidization comprises not only the movement of a single particle but a bulk of particles 
that interact with each other. Eventually, the total pressure drop is proportional to the 
sum of viscous and inertial effects: 
𝛥𝑝𝑡𝑜𝑡𝑎𝑙 = 𝛥𝑝𝑣𝑖𝑠𝑐𝑜𝑢𝑠 + 𝛥𝑝𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 (2) 
At high velocities inertial effects prevail, whereas the viscous effects are important at low 
Reynolds numbers. Real packed beds are randomly packed with irregular size particles 
and the fluid through the bed is tortuous. The total pressure drop can be modeled using 
the drag force concept considering (i) the drag viscous forces at low flow velocities as a 
function of a first empirical constant (K1) and the wall shear-stress in tubular laminar 
flow and (ii) the drag viscous force at high velocities using a second empirical constant 
(K2) and the conventional drag force equation per total superficial area.  
𝐹𝑑
𝐴𝑠
= 𝐾1𝐹𝑑|𝑙𝑜𝑤 𝑅𝑒 + 𝐾2𝐹𝑑|ℎ𝑖𝑔ℎ 𝑅𝑒 (3) 









where the hydraulic radius (𝑟ℎ) is defined as the ratio between the total volume of voids 
and the total surface area of particles which relates the surface of one particle (Sp) 
multiplied the number of particles in the bed. These two concepts are expressed by 










Sphericity (Φ) allows relating the surface area with the volume of a particle (equation 7). 
Additionally, superficial gas velocity and effective gas velocity relate through the bed 










Replacing equations 5 – 8 in equation 4, the drag force per total superficial area is 










) + 𝐾2] (9) 
where K1 and K2, based on experimental data [36], are: 
𝐾1 =
150





Combining equations 9 and 10 with the standard experimental values showed above, it is 
possible to deduce Ergun´s equation (equation 11). This equation allows quantifying the 
drop pressure per length unit in a fixed bed [36] as a function of the void fraction at rest, 
the superficial gas velocity, the mean particle size, the sphericity of the particles, and the 
viscosity and density of the gas. 















At minimum fluidization velocity, the fluid drag is equal to the weight of the particles less 
its buoyancy and the bulk of solids behaves like a liquid [10]. Hence: 
𝛥𝑝 𝐴0 = 𝐴0 𝐿 (1 − ɛ𝑚𝑓)(𝜌𝑝 − 𝜌𝑓)𝑔 (12) 
An expression to find Umf (equation 13) may be therefore obtained by solving equations 
11 and 12 simultaneously considering now the void fraction at minimum fluidization.  
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The left hand side term is equivalent to Archimedes number, which represents the ratio 
between external forces and internal viscous forces acting on the particles, and it is used 
to determine the motion of fluid due to density gradients. The terms on the right hand 
side of the equation correspond to the particle Reynolds number, which describes the 









Due to the difficulty for measuring bed voidage at minimum fluidization and particle´s 
sphericity, the use of this equation is limited. To overcome this issue, Wen and Yu [37] 
proposed a model to estimate Remf  as a function of two experimental constants, C1 and 
C2, and the Archimedes number (equation 16).  For this model, it is considered that  ɛ𝑚𝑓 








≅ 14             
(1 − ɛ𝑚𝑓)
ɛ𝑚𝑓3𝛷𝑝
2 ≅ 11 (17) 
Several values of C1 and C2 have been found by multiple authors and summarized by Basu  
[38] and Gupta et al. [39]. Many of these sets of constants work well only for specific 
systems and over a limited range of conditions. Most popular works and those applicable 
or comparable to the present research are presented in table 3 and analyzed later in 
chapter 6. 
Table 3. Experimental constants derived from pressure drop principles. 
Author C1 C2 
Wen and Yu [37] 33.70 0.0408 
Basu [38] 30.28 0.0460 
 Grace [40] 27.20 0.0408 
Chyang and Huang[41] 33.30 0.0333 
Reina et al. [42] 48.00 0.0450 
In addition to minimum fluidization state, fluidization regimes may be estimated using 
dimensionless particle diameter and gas velocity, defined as in equations 18 and 19 
respectively. 
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Critical velocities and fluidization regimes may be approximated using the generalized 
map of gas-solid contacting proposed by Grace [43], where letters A, B and C corresponds 
to Geldart´s particle classification (explained in section 2.2.3.6). 
 
Figure 7. Fluidization regimes and characteristic velocities in Grace´s diagram [43]. 
2.2.3 Particle characterization 
Transitions between fluidization regimes are determined not only by the flow velocity 
but also by the physical characteristics of the particles involved. Some properties such as 
moisture content, particle size distribution, particle density, and sphericity are of great 
importance for the design and operation of fluidized bed reactors; therefore, they are 
presented in detail below. 
Moisture content (MC) 
The moisture content is the quantity of water contained in a material. Moisture is 
determined by establishing the loss of weight when the sample is heated under precisely 
controlled conditions. Standards for temperature, heating time, atmosphere composition, 
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sample weight and volume, particle size and equipment specifications, should be 
followed [44]. The moisture content is then calculated as the mass difference between the 
initial and the final mass in relation to the initial mass (equation 20). High MC may cause 
particle agglomeration that could inhibit suitable fluidization, or cause difficulties in the 
grinding process. Also, significant amounts of water in the fuel diminish thermal 




) ∗ 100 (20) 
Particle size distribution (PSD) 
The PSD is a mathematical function or a discrete distribution that defines the mass or the 
volume fraction of particles separated according to different range of sizes [45]. Several 
commercial techniques are used to determine particle size distribution such as acoustic 
attenuation spectroscopy, centrifugal sedimentation, laser light diffraction and sieving, 
being the last one the most common technique for granular biomass particles. This 
method uses a stack of sieves with different mesh sizes (the one with the largest aperture 
on the top and the one with smallest at the bottom). After placing a sample at the top and 
shaking the stack, the particles collected on each sieve are weighed. Mean particle size 
diameter is then calculated as a function of mass fractions retained on every sieve i (xi), 








Bulk density  
The bulk density is defined as the mass of a bulk of particles divided by the total volume 
they occupy (equation 22). It takes into account the volume of the solid material, open 
and closed pores, and the interparticle voids. The bulk density of a material is quantified 
by measuring the packed volume after a sample is fed into a graduated cylinder from a 
vibrating feeder and determining the mass of the sample [46]. This property is an 
important factor that influences the size of the hoppers and reactors and is required for 
calculating costs of transportation and storage. The bulk density depends on the moisture 






The particle density is analogously defined to the bulk density but excluding the volume 
of interparticle voids. It can be measured based on Archimedes principle through 
pycnometry (as it will be presented later). Particle density may influence segregation 
phenomena when binary particle systems are used in fluidized beds. Bulk density, 
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Figure 8. Particle porosity as a factor that influences particle density. 
Particle diameter 
Biomass particles are non-spherical and therefore, several equivalent diameters can be 
defined to describe the particle diameter [10] by relating them to an imaginary sphere 
that has one of the properties identical to the real particle. 









➢ Surface diameter: is the diameter of a sphere that has the same external surface 








➢ Surface-Volume or Sauter diameter: is defined as the diameter of a sphere having 






Defined by Wadell [47], sphericity relates the surface area of a sphere (with the same 
volume as the given particle) and the actual surface area of the particle. Sphericity is a 
characteristic of a particle that describes the divergence in shape of a real particle from a 
perfect sphere [10]. Therefore, its value varies between 0 and 1. It can be calculated as 






This property may have effects on the fluidization phenomena since the shape of the 
particles influences the bed voidage and its permeability [48]. The measurement of 
sphericity is a highly active topic of research, especially because accurate techniques such 
as laser scanning or micro-CT are expensive and time consuming. Some approximations 
may be obtained from digital 2D image analysis, however, limitations are recognizable 
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[49]. Multiple approaches may be taken in order to describe the sphericity of a particle, 
as presented in [50]; the one proposed by Sympatec stand out as the best approximation 
to the true sphericity for regular particles. It was proposed from binary images of falling 
particles under gravity [51]. Nonetheless, it is known that this approximation 
overestimates the true sphericity of irregular particles since it indirectly assumes 
symmetry between different planes of analysis, making it less suitable for plate, flake-like 
or fibrous particles.    
Shape factor 
The shape factor is a dimensionless quantity that numerically describes the shape of a 
particle, independent of its size. Multiple shape factors can be modelled in particulate 
systems based on measured dimensions, such as diameter, area, perimeter, centroid, 
moments etc. as shown in Rodriguez´s work [52]. The most common shape factor is the 
aspect ratio, which correlates the largest diameter orthogonal to the particle and the 
smallest circumscribed diameter. Particle shape influences several properties of a bulk of 
particles such as internal friction angles, permeability and particle packing, affecting 
therefore the quality of the fluidization.   
Geldart´s classification of particles 
Geldart [53] based on practical experience on spherical particles classified solids under 
four groups, C, A, B, and D (figure 9) as a function of particle density, ρp; particle size, dp 
and fluid density, ρf . Cohesive particles (group C) are very fines powders with particle 
diameter smaller than 20 µm and particle density higher than 2 500 kg/m3. Regular 
fluidization of such powders is extremely difficult because interparticle forces are greater 
than those exerted by fluid and gravity. Aeratable, group A, powders expand considerably 
at velocities slightly beyond minimum fluidization velocity and below minimum bubbling 
velocity, Umb, i.e. the point when bubbles start appearing. These particles are typically in 
the range between 20 µm for a particle density close to 6 000 kg/m3 and 1 000 µm for a 
particle density of 250 kg/m3 [10]. Sand typifies powders in Group B or bubbling 
particles contains most solids with particle size diameters between 100 to 500 µm and 
particle densities between 2 500 and 500 kg/m3, respectively. For these types of solids, 
bubbles are formed at velocities just above Umf  since interparticle forces are much 
weaker than drag and gravity forces. Bed expansion of B type particles is small and the 
bed collapses very rapidly when the gas supply is cut off [53].  Finally, particles with a 
mean particle size bigger than 500 µm and 1 100 µm with particle densities higher than 4 
000 kg/m3 and 500 kg/m3, respectively belong to Spoutable-type particles or Group D. A 
considerably higher velocity is required to fluidize this kind of particles and bubbles 
appear as soon as Umf is reached. 
Although Geldart´s diagram was conceptualized for spherical particles, it gives a first light 
on the prediction of the fluidization behavior of irregular particles. The boundaries 
defined through the particle classification made by Geldart might change due to the 
consideration of additional parameters such as the pressure and temperature of the 
process [54]. In fact, some findings in the literature indicate that B type particles can 
behave as A type particles at elevated pressure and moderate temperature [54]. 
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Figure 9. Geldart´s classification of particles [10]. 
2.2.4 Fluidization phenomena  
Some divergences from the general behavior presented in sections 2.2.1 and 2.2.2 might 
occur during fluidization due, among other aspects, to the physical characteristics of the 
particles. For instance, channeling likely occurs in bed of fine powders, where the bed 
voidage is very low and agglomeration tends to dominate. At low superficial gas 
velocities, the drag force cannot exceed the cohesive forces between the agglomerated 
particles and, in order to achieve a gas flow through the bed, channels arise around the 
agglomerated structures [55]. As soon as the channels are formed, these entail lower 
resistance routes for the gas flow, eventually causing defluidization in some zones and 
decrease of the total pressure drop across the bed (figure 10a). A further increase of the 
flow velocity through these channels can cause entrainment of particles towards the 
freeboard. When a considerable amount of particles are entrained from the channels, the 
state is considered to be a jetting flow (figure 10b). Here, only a small part of the bed is 
fluidized while the rest remains practically static.  
In section 2.2.1 slugging was described as a function of the flow velocity and the 
dimensions of the reactor; nevertheless, slugging is also dependent on particle 
characteristics. This phenomenon is likely to occur especially for flat or fibrous particles 
where the bed voidage tends to be high and particles are tangled. In this case, the entire 
bed (or a part of it) can be lifted by the gas. Most of times slugging appears during fixed 
bed state; therefore, a maximum pressure drop is visible in the operation (figure 10c).  
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Figure 10. Different fluidization phenomena and their fluidization curve tend: (a) channeling, 
(b) jetting, and (c) slugging. 
A second inert material such as silica sand, limestone, alumina or calcite, may be 
employed to facilitate fluidization of highly heterogeneous particles such as biomass bulk 
materials by reducing the friction forces between particles [56]. The bed material also 
acts as a heat transfer medium inside the reactor. For binary systems, segregation 
phenomena might also occur mainly influenced by the particle size and the particle 
density ratio between the phases [35].  Segregation is characterized by the movement of 
an entire phase to the top (flotsam) or to the bottom (jetsam) of the bed while being 
fluidized. Additionally, Nienow and Cheesman [57] indicated that the sphericity of the 
particles also affects segregation. In fact, it is shown that particles with sphericities 
higher than 0.5 behaved like regular particles with sphericities larger than 0.8 where the 
dense phase sinks. However, extremely flat or flake like particles (sphericity below 0.5) 
might or not behave as jetsam despite the fact that the lighter phase should behave as 
flotsam [35].    
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3. RESIDUAL BIOMASSES IN COLOMBIA 
Biomass is a renewable energy source that will play a key role in the social, economic and 
environmental development worldwide. A sustainable bio-based framework would allow 
large and productive land uses, considerable higher water availability and water use 
efficiency, the reduction of Greenhouse gas emissions, a well-organized agricultural 
sector, and business opportunities for stimulating rural development [58]. Sustainable 
growth bounded to the production and transformation of biomass matches with (i) the 
long-term objective set by the United Nations Framework Convention on Climate Change 
(UNFCCC) for the stabilization of greenhouse gas (GHG) concentrations in the 
atmosphere [59] and (ii) the recently Colombian government policies which through the 
Law 1715 [15] establishes the general framework for the integration of renewables 
systems to the existing national energy system.  
Bioenergy is the largest renewable energy source supplying 10 % of global energy supply 
in 2016 [60]. The biomass supply for bioenergy production is expected to increase 
further, reaching about (5 795 – 6 798) PJ in 2030 and (7 247 – 9 603) PJ in 2050 
depending on the reference scenario [61]. Compared to wind power, solar energy, 
hydropower and other renewable energy sources, biomass has the huge advantage of 
being able to deliver energy in all forms the present society needs, liquid and gaseous 
fuels, heat and electricity [62]. Even, solid, liquid and gaseous fractions generated from 
biomass transformation are considered to be the main feedstock for innumerable 
chemical, pharmaceutical and food industries in the coming years. Moreover, the use of 
biomass contributes to poverty reduction in developing countries and it helps restoring 
unproductive and degraded lands, increasing biodiversity, soil fertility and water 
retention [62].  
There is no a unique way for categorizing biomass, its classification depends on the type 
and the purpose of the research. Generally, it could be categorized taking into 
consideration its origin, its biological characteristics or its applications. Regarding the 
first criterion, grouping biomasses as terrestrial and aquatic is the most general way to 
classify them [63]. Terrestrial biomass comprises on the one hand woody biomass from 
natural forests, energy plantations and processing wood industry, and on the other hand 
non-woody biomass including agricultural crops, animal and industrial-urban wastes 
[64].  
Biomass can be produced as raw material for energy purposes (energy crops) or can be 
obtained from secondary processes being often considered as waste or as a residue. 
Transforming residual biomass into other forms of energy offers several advantages such 
as diminishing detriment of the environmental caused by open field burning, organic soil 
poisoning and water dumping pollution; avoiding the conflict between food and energy 
since not additional land and supplies are required; and increasing economic and 
commercial diversification.  
Colombia is a country with a wide rural tradition, which drives Colombian social and 
economic development, and at the same time generates large quantities of residual 
biomass. In fact, agriculture, livestock farming, fishing and silviculture provided around   
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8 148 billion Colombian pesos per trimester in 2015 [65]. Nevertheless, until now, no 
large scale projects or laws have been proposed to industrialize the use of residual 
biomass as a key material, for example in the framework of the biorefinery concept [66]. 
The existing projects rather aim to optimize existing plants using residual biomass as a 
secondary fuel, especially in the sugar-cane industry [67]. One more topic regarding the 
sub-utilization of residual biomass is the fact that landfill disposal of municipal solid 
waste must be gradually reduced, and in the long term avoided, given the serious 
environmental problems and the saturated capacity [68]; alternatives must be found and 
implemented as soon as possible.  
Because of the above mentioned reasons, the present thesis focuses on residual 
biomasses generated in Colombia from the main agricultural crops, animal cultures, 
forest plantations and organic solid waste categories (figure 11). These groups stand out 
because of their economic importance, large production volume and negative 
environmental impacts. The classification is also made pre-visualizing those biomasses 
suitable to be transformed through thermochemical processes due to its (reported) 
moisture content. In that sense, cattle, swine, equine and laying poultry wastes are not 
considered; they find application in biochemical conversion processes instead. Regarding 
the forestry sector, wood from natural forests is not considered as a way of protecting 
endangered species and because of its wide spatial dispersion. Moreover, wood 
generated from energetic plantations is not considered, given the fact that this 
technological option has not been implemented in the country. Finally, organic municipal 
solid waste category is divided into food, pruning and recyclable materials.  
 
Figure 11. Sectors, crops and waste biomasses generated in Colombia, identified as suitable for 
use in thermochemical conversion processes 
3.1 Agricultural residues 
Primary crops are divided into temporary and permanent crops. Temporary crops are 
those which are both sown and harvested during the same agricultural year, sometimes 
Universidad Nacional de Colombia –Bogotá D.C 42 
 
more than once. Permanent crops are sown and planted once a year and they are not 
replanted after each annual harvest [69]. Agricultural biomasses taken into account in the 
present study are further described below. 
3.1.1 Temporary crops 
Rice is one of three most consumed cereals in the world. It is cultivated in humid soils 
with good yields (irrigated rice), although it is also planted in soils without irrigation 
(rainfed rice). Tolima, Casanare and Córdoba regions are the main rice producers in 
Colombia [70]. A rice plant is composed by several tillers to which stem and leaves are 
attached. The flag leaf and the panicle sprout at the end of the stem (figure 12). 
Harvesting rice begins cutting the mature panicles and straw above ground (reaping) and 
separating the paddy grain from the rest of cut crop (threshing). Here, the rice straw is 
generated and usually left on the field, gathered later on and eventually transformed. 
Cleaning is made to remove immature, unfilled and non-grain materials; the grain is then 
dried and stored. Finally, in the milling process the rice husk is removed and the edible, 
rice grain is produced.     
 
Figure 12. Rice plant morphology [71]. 
Corn or maize is one of the most important cereals for human nutrition and animal 
feeding. Today, the United States of America, China, the European Union, Brazil and 
Mexico are the world´s largest producers of maize. Cordoba and Bolívar regions are the 
main producers of maize through technified and traditional production respectively in 
Colombia by 2013 [70]. Maize stalks are formed between nodes which gradually taper 
through the plant, while leaves sprout at each node in two opposite ranks. During 
harvesting, corn stover (leaves and stalks) and ears (figure 13) are collected; these are 
stripped off their husks and then manually or mechanically shelled from their cob. Grains 
are finaly dried, cleaned and stored. 
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Figure 13. Maize ear components. Corn husks, kernels, cob and silk are highlighted [72]. 
3.1.2 Permanent crops 
African oil palm is the most productive oil plant in the world. Colombia is the main oil 
palm cultivator in America with crops in 20 regions and 124 municipalities. Oil palm tree 
starts bearing fruits 30 months after planted and will continue to be productive for the 
next 20 to 30 years. The fruit bunches are harvested using chisels or hooked knives and 
sterilized, the fruits are stripped from bunches mechanically or manually (figure 14a). 
The empty fresh bunches or fresh fruit bunches (FFB) are also called oil palm rachis. The 
individual fruit is made of an outer skin (exocarp), a pulp (mesocarp) which contains the 
oil palm fiber matrix, a nut consisting of a shell (endocarp), and the kernel (figure 14b).  
 
Figure 14. (a) Oil palm Fresh Fruit Bunch (FFB)[73] and (b) Oil palm fruit morphology. 
There are three types of fruit, termed dura, tenera and pisifera due to the variation of the 
endocarp thickness; tenera the most popular one since it has the highest oil content 
compares with the others. In order to produce palm oil, fruits are crushed, digested and 
heated. The oil is extracted from the macerated fruit by hydraulic pressing and then, it is 
clarified, dried and packed (crude palm oil). The fibers are separated from the endocarp 
which is subsequently dried and cracked until the kernel or shell separates. Finally, they 
are transported and pressed again until the “refined palm oil” is produced. 
Sugar cane plant is composed of four principal parts, the root system, the stalk, the 
leaves and the inflorescence. The root system provides nutrients and water to the plant. 
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The stalk, also known as “millable cane” is the most important part and consists on many 
segments called joints as shown in figure 15. Each joint is made up of a node that 
supports the leaf and where the buds and root primordial are located, and an internode. 
The leaf is divided into a sheath and a blade, separated by a blade joint. The inflorescence 
is an open-branched panicle. During the harvesting process, the plant´s leaves and top are 
removed, they might be used as compost or as cattle feed.  At the mill, the millable cane is 
crushed by large rollers, the residue, called bagasse, and the extracted juice is then 
clarified and concentrated until sugar crystals are formed.  
EPC, ICA, CC, MZC and MC are Colombian sugar cane varieties cultivated in large scale, 
mainly the regions of Valle del Cauca and Cauca [70]. Varieties of sugar cane POJ2878, 
PR61-632, PR1-41, RD75-11 and CC84-75 [74], cultivated in small scale, mainly in 
Cundinamarca and Santander, have the highest agro-ecological potential for the 
production of panela in Colombia. 
 
Figure 15. Sugar cane plant morphology [75]. Stalk (milling cane) [76] components are stood 
out. 
The Coffee tree (Coffea arabica) begins to bear fruits 6 to 7 years after planted and is 
productive during 40 years. Extensive plantations are found in the regions Huila and 
Antioquia, where the fruit (coffee cherry) is picked most of the time by hand. The fruit 
has five layers of protective material that need to be removed to reach the bean as 
presented in figure 16. The skin (epicarp) is the external monocellular layer covered with 
a waxy substance, the pulp or mesocarp is a slimy layer of mucilage, the endocarp 
(parchment) a polysaccharide layer that covers the spermoderm (silver skin) which 
directly coats the embryo [77]. Coffee depulping can be performed by the dry method or 
the wet method followed by a dehulling operation where the coffee husk residue is 
generated.   
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Figure 16. Structure of the coffee cherry [78]. 
Musa is one of the genera in the family of musaceae; it includes banana and plantain 
plants. In general, they are composed by a root system produced by the underground 
structure called rhizome; the pseudostem which is a “false” trunk formed by the tightly 
packed overlapping leaf sheaths from which leaves emerge; the sucker, a lateral shoot 
that appears from the rhizome very close to the parent plant; the inflorescence that 
includes the flowers that will develop into fruits (the bunch), supported by the peduncle; 
and the rachis referred as the part between the male bud and the last hand of fruit (figure 
17). Before harvesting, bunch is protected by a plastic bag for several days. When fruits 
are ready for harvesting, the peduncle is cut down; the rachis is separated from the fruit 
and left in the field together with some fractions of the pseudostem. The bunch is 
transported while still green. Fruits are classified according to their quality; those with 
deterioration marks are rejected and used animal feed. Banana and plantain production 
are an important factor in the economy of Valle del Cauca and Antioquia regions [70]. 
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Figure 17. Musaceae family morphology [79]. 
3.2 Animal waste 
Poultry farming has shown a steady growth since the mid-twentieth century in Colombia, 
being the second most important livestock activity in the Gross Domestic Product (GDP), 
behind cattle raising. The production of broiler chickens starts with chickens of one day 
of birth which are vaccinated according to the risk factors of the area. The birds are 
housed in a floor covered with wood chips or rice husks (bed material) and fed for 38 to 
45 days depending on their final destination [80]. The mixture of poultry excreta, spilled 
feed, feathers and bed material is called poultry litter [81] and is completely removed 
from the house at the end of the cycle and replaced by new bed material. 
 
Figure 18. Broiler poultry farming [82], [83]. 
Disposal of poultry litter traditionally includes its utilization as fertilizer and foodstuff for 
other farm animals. Nevertheless, those applications must be avoided as far as possible 
since the improper overuse may cause greenhouse gases emissions, spread of pathogens, 
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odorous compounds, soil and water eutrophication, water pollution (high levels of nitrate 
in drinking water) and animal food poisoning [84]. As an alternative, the use of poultry as 
a sustainable fuel in thermochemical processes has been studied recently showing 
promising results for the production of syngas and biochar [84].     
3.3 Forestry 
Commercial forestry plantations are those usually made up of individuals of the same 
species, with a defined spatial arrangement and with the purpose of obtaining wood, pulp 
and other forest products. Forestry plantations represent an important pillar for the 
future global economy and environmental sustainability since they are a key factor to 
reduce natural forest exploitation, improve extraction practices and decrease illegal 
forest activities.    
Colombia has a 56.2 % of its continental area catalogued as a territory with forest 
vocation, of which only the 6.1 % is used for production nowadays, this is expected to 
increase in the coming years [85]. In fact, Colombian government stimulates (through the 
Forest Incentive Certificate - CIF) [86] the use of some native species such as Tabebuia 
rosea, Bombacopsis quinata, Cordia alliodora, Ochroma pyramidale, Hevea brasiliensis 
and Guadua angustifolia, but also some others introduced to the country, including 
Eucalyptus sp., Pinus sp., Tectona grandis, Gmelina arborea and Acacia mangium. The aim 
is to develop new forestry plantations, given their high potential for reforestation and 
their commercial value.  
Pérez and Osorio [87] found that the forestry species currently planted in Colombia with 
the greatest potential for the development of dendro-energy projects, accounting their 
planted area, rotation periods and mean annual increment (MAI), are Acacia mangium, 
Eucalyptus grandis, Pinus patula, Pinus maximinoi and Gmelina arborea. The study the 
performance of these species on a fixed bed gasifier and the analysis of their physic-
chemical properties are further discussed in the study carried out by Lenis, Osorio and 
Pérez [88]. 
Wood residues from industry come in a variety of forms including wood chips, hogged 
wood, sawdust, bark-pieces and stump (figure 19). Depending on the purpose of the 
commercial forest plantation, this is: sawmill plywood board, particle board or 
woodwork; different quantities of those residues are generated. Nonetheless, most of 
them are used as fuel material or even as raw material inside the production processes. 
Universidad Nacional de Colombia –Bogotá D.C 48 
 
 
Figure 19. Wood residues (a) wood chips [89], (b) sawdust [90] and (c) tree bark. 
3.4 Organic municipal solid waste 
Although great progress has been made in Colombia during the last 30 years concerning 
waste management, it is clear that there is still a long way to go for achieving an integral 
handling of residues in the country. Hence, the proper disposal of solid waste in Colombia 
is one of the priorities of the country´s development plan for the coming years [91]. The 
action route is based on the waste hierarchy concept, which indicates an order of 
preference for reducing and managing waste, from prevention, minimization, reuse, 
recycling, and energy recovery to final disposal. 
At the moment, the Colombian administration focuses on final disposal and recycling as 
the key factors that must be improved as soon as possible. Regarding the first one, landfill 
sites, material recovery facilities and contingency cells are the three allowed methods of 
disposed residues. Approximately, 81.4 % of the municipalities (897) manage their 
residues using these techniques, while the others opt for disposing in illegal dumpsites 
and rivers or firing in open areas [92]. These bad practices are due to lack of alternatives 
and cause a considerable environmental and social damage. Bolívar, Cauca, Chocó, 
Magdalena and Putumayo regions stand out for their inappropriately management of 
wastes.  
Landfills, the most popular system for waste disposal (75.2 % of municipalities), produce 
a gas mainly composed by methane, called biogas. This gas results from the anaerobic 
decomposition of organic matter by effect of microorganism and can be used to produce 
heat and electricity. Nonetheless, few projects have been set to use landfill gases in 
Colombia to date [93]. Furthermore, cycle life of some landfills will finish soon [92] and 
new environmentally suitable alternatives must be implemented. 
Ordinary solid waste generation in Bogotá was around 25 000 t a day by 2014, more than 
80 % corresponds to the organic fraction, which includes: food residues, mainly from 
marketplaces and domiciliary sector, pruning, from gardening activities and recyclable 
materials, such as paper, glass, carton and plastic. Colombia does not have yet a waste 
selection system, which complicates the further treatment and transformation of the 
materials. In fact, between 40 % and 60 % of the recycled material is informally collected 
by recyclers who get paid by private and public companies according to the amount of 
solid waste sorted.   
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4. ENERGY POTENTIAL OF RESIDUAL BIOMASSES IN 
COLOMBIA 
The theoretical energy potential is defined as the total energy released in a combustion 
process from a certain material per unit weight [94]. The mathematical formulation 
comprises the amount of dry matter generated in a specific year and multiplied by the 
lower heating value of the material. Different variables should be considered according to 
the sector in order to determine the amount of dry matter generated per year.  
The technical energy potential is the actual usable energy, it is a fraction of the theoretical 
value, calculated bearing in mind that not all the residual biomass is available [94]. The 
external factor that constrains the accessibility to the biomass source is expressed 
through the availability factor. Here, the transformation process, the technology used and 
its efficiency are not taken into consideration, ecologic and law restrictions that might 
affect the availability of the biomass are not accounted either. Further calculations may 
be done using the technical energy potential results here presented in order to estimate 
the economical and achievable energy potential.  
Regarding agricultural residual biomasses, the theoretical energy potential (EPAg,TH) 
relates: i) the cultivated areas, Si, ii) yield, Ri, iii) by-product to product ratio, Fij which 
correlates the amount of residue generated with respect to the main product, iv) the 
moisture content, Mij, and v) the low heating value of the residue on dry basis, LHVij, 
(equation 28). The technical energy potential (EPAg,TE) is calculated by multiplying the 
theoretical value by the availability factor, Aij (equation 29). Subscripts i and j 
corresponds to each agricultural crop and the specific residual biomass, respectively.        
𝐸𝑃𝐴𝑔,𝑇𝐻 = ∑ ∑ 𝑆𝑖 𝑅𝑖  𝐹𝑖𝑗  (1 − 𝑀𝑖𝑗) 𝐿𝐻𝑉𝑖𝑗
𝑗𝑖
 (28) 
𝐸𝑃𝐴𝑔,𝑇𝐸 = ∑ ∑ 𝑆𝑖 𝑅𝑖 𝐹𝑖𝑗  (1 − 𝑀𝑖𝑗) 𝐿𝐻𝑉𝑖𝑗 ∗ 𝐴𝑖𝑗
𝑗𝑖
 (29) 
Livestock theoretical energy potential (EPLv,TH) correlates: i) the number of fattening 
animals, H, ii) manure production rate per animal, E, iii) the moisture content of the 
poultry litter, Mm, and iv) its lower heating value, LHVm in dry basis (equation 30). 
Similarly, the technical energy potential (EPLv,TE) is obtained as the fraction of the 
theoretical expressed through the availability factor of poultry litter, Am (equation 31). 
𝐸𝑃𝐿𝑣,𝑇𝐻 = 𝐻. 𝐸 (1 − 𝑀𝑚) 𝐿𝐻𝑉𝑚 (30) 
𝐸𝑃𝐿𝑣,𝑇𝐸 = 𝐻. 𝐸 (1 − 𝑀𝑚) 𝐿𝐻𝑉𝑚 ∗  𝐴𝑚 (31) 
The theoretical energy potential of the forestry sector (EPF,TH) associates: i) the planted 
area of the species n, Yn, ii) the mean annual increment of the species, IMAn, iii) the 
density at 12 % of moisture, ρn, iv) the by-product to product ratio associated with the 
specific forestry activity (e.g. production of boards, lumber, pulp wood, etc.), Cn, and iv) 
the lower heating value on dry basis, LHVn (equation 32). Multiplying EPF,TH by each 
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availability factor (equation 33) associated to each forest species, An, allows obtaining the 
technical energy potential of forestry sector (EPF,TE ).   
𝐸𝑃𝐹,𝑇𝐻 = ∑ 𝑌𝑛 𝐼𝑀𝐴𝑛 𝜌𝑛 𝐶𝑛 𝐿𝐻𝑉𝑛
𝑛
 (32) 
𝐸𝑃𝐹,𝑇𝐸 = ∑ 𝑌𝑛 𝐼𝑀𝐴𝑛 𝜌𝑛 𝐶𝑛 𝐿𝐻𝑉𝑛
𝑛
∗  𝐴𝑛 (33) 
The theoretical energy potential of the organic municipal solid waste sector (EPOMSW,TH) 
relates the amount of the residue x, Px, and its lower heating value in wet basis, LHVx 
(equation 34). Equivalently, the technical energy potential is calculated using the 
availability factor, Ax, of each residue (equation 35).  
𝐸𝑃𝑂𝑀𝑆𝑊,𝑇𝐻 = ∑ 𝑃𝑥 𝐿𝐻𝑉𝑥
𝑥
 (34) 
𝐸𝑃𝑂𝑀𝑆𝑊,𝑇𝐸 = ∑ 𝑃𝑥  𝐿𝐻𝑉𝑥
𝑥
 ∗  𝐴𝑥  (35) 
Finally, the total theoretical and the technical energy potential are quantified as the sum 
of each sector under study, as follows: 
𝐸𝑃𝑇𝑜𝑡𝑎𝑙,𝑇𝐻 = 𝐸𝑃𝐴𝑔,𝑇𝐻 + 𝐸𝑃𝐿𝑣,𝑇𝐻 + 𝐸𝑃𝐹,𝑇𝐻 + 𝐸𝑃𝑂𝑀𝑆𝑊,𝑇𝐻 (36) 
𝐸𝑃𝑇𝑜𝑡𝑎𝑙,𝑇𝐸 = 𝐸𝑃𝐴𝑔,𝑇𝐸 + 𝐸𝑃𝐿𝑣,𝑇𝐸 + 𝐸𝑃𝐹,𝑇𝐸 + 𝐸𝑃𝑂𝑀𝑆𝑊,𝑇𝐸 (37) 
Reliable base information is the most important part for the calculation of realistic 
energy potential. In the present work, statistics are obtained from available literature; 
priority is given to national studies and Colombian institutions related to the specific 
sectors under study. The values of sown areas and crop yields are taken from the 
communications of the Ministry of Agriculture and Rural Development in 2013 [70]. The 
poultry census conducted by the Colombian Agricultural Institute, ICA provides 
information regarding the livestock sector [95]. Regarding forest planted areas, studies of 
current status and potential of forest plantations for commercial purposes are supplied 
by the Rural Agricultural Planning Unit [85]. The superintendence of domiciliary public 
services provide the information related to the municipal solid waste disposition and 
classification [92].  
Technical data of subsectors are obtained from the information of national associations, 
local studies and multiple international references (Appendix A). Those required for the 
calculation of the theoretical energy potential of the agricultural and livestock sectors 
according to the equations 28 and 30 are showed in tables 4 and 5. For the forestry 
sector, the fractions planted in Colombia, the logging shift in years, the mean annual 
increment, the density and the lower heating value of each forestry species under study 
are summarized in table 6. Furthermore, table 7 presents the by-product to product ratio 
depending upon the forestry activity. The characterization of the residential solid waste 
from Bogotá D.C by 2011 is presented in table 8 [96]. The capital city of Colombia is 
considered the most appropriate niche for categorizing household waste because of its 
population and multiculturalism, and is therefore used as reference given the lack of 
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reliable data for other regions. Table 9 shows the lower heating value of food waste, 
pruning and other organic waste in wet basis. It is emphasized that the calorific value of 
the waste mixture of paper, cardboard, plastic, textiles and wood was not found in the 
literature; to estimate this, the lower calorific value of the non-mixed residues was 
averaged. For all cases, ranges reported in the literature for each variable and references 
where the information was extracted are presented as well. 
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By-product to product ratio / % Moisture content / % Lower Heating Value / kJ/kg 
min max References min max References min max References 
Oil 
palm 
Shell 5 9 [63][97][98][99][100] 7 15 [63][97][99] 16 483 20 020 [101][63][100] 
Fiber 11 15 [63][97][99][100] 31 42 [63][97][99] 13 935 17894 [101][63][99][100] 





Top 5 47 [63][98][99][100][102][103][104] 25 75 [105][63][99][106] 14 800 21 429 [101][105][63][102][106] 





Bagasse 14 46 [63][74] 41 52 [105][63] 16 240 18 656 [101][63] 
Top 28 51 [63][74] 25 75 [105][63] 14 800 21 429 [101][105][63] 
Coffee 
Pulp 210 270 [101][63][107][108] 60 80 [63][105][109] 15 880 17 832 [101][63] 
Husk 16 23 [101][63][98][99][103][107] 7 15 [63][99][106][109] 12 380 18 548 [101][63][99][100][106][110] 
Stem 302 333 [101][63] 14 26 [63][109] 18 343 19 750 [101][63] 
Corn 
Stover 93 433 [101][63][98][99][100][106] 13 15 [63][99][106] 12 455 16 520 [101][63][99][100][106] 
Cob 18 27 [101][63][98][99][100][106][111] 8 27 [63][99][106] 14 184 21 876 [101][63][99][100][110][112] 
Husk 20 30 [101] [63][98][99][100] 5 11 [101][63][99] 12 000 17 690 [101][63][100] 
Rice 
Straw 42 396 [101][63][98][99][100][113] 73 88 [63] 13 000 15 340 [101][63][99][100][114] 
Husk 15 36 [101][63][98][99][100][103][106][114] 4 14 [101][105][63][99][106] 12 900 17 818 [101][105][63][99][106][114] 
Banana 
Rachis 100 108 [101][63] 90 94 [101][63] 7 569 15 530 [101][63] 
Stem 300 651 [101][63][115] 92 94 [101][63][116] 8 502 16 130 [101][63][116] 
Rejected 
fruit 
15 67 [101][63][116][117] 79 85 [63][106] 10 410 15 748 [101][63][106] 
Plantain 
Rachis 100 108 [101][63] 90 94 [101][63] 7 565 15 530 [101][63] 
Stem 300 651 [101][63] 92 94 [101][63] 8 502 16 130 [101][63] 
Rejected 
fruit 
15 67 [101][63][118] 79 85 [63] 10 410 15 748 [101][63] 








Manure production rate per head  
/ kg/head-year 
Moisture content / % Lower Heating Value / kJ/kg 
min max References min max References min max References 
Poultry 
meat 
Poultry litter 13 30 [101][63][119][120] 18 48 [101][63][119][121][122][84][123] 14 790 17 230 [63][122][124] 
 








Logging shift  
/ year 
Mean annual increment  
/ m3/ha-year 
Density  
/ kg/m3  
Lower heating value 
/ kJ/kg 
min max References min max References min max References Value References 
Eucalyptus 
grandis 
8 7 10 [87][126][127][128] 20 40 [87][126][127][128] 400 550 [128][129][130] 19 083 [87] 
Acacia 
mangium 
9 8 12 [87][126][131][132] 24 43 [87][126][131][132] 350 690 [131][133][134] 18 759 [87] 
Gmelina 
arborea 
6 10 14 [87][126][135][136] 10 37 [87][126][136] 380 640 [135][137][138][139] 18 896 [87] 
Pinus  
patula 
23 15 25 [87][126][140][141][142] 10 27 [87][126][140][141][142] 430 480 [140][143][144] 19 154 [87] 
Pinus 
maximinoi 
3 15 25 [87][126][145] 10 24 [87][145] 460 520 [145][146] 19 031 [87] 
Tectona 
grandis 
27 18 28 [87][126][142][147] 7 25 [87][126][142][147] 530 800 [147][148] 18 780 [63] 
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Table 7. By-product to product ratio of different forestry activities. 
Process Activity 
By-product to product 
ratio / % 
min max References 
Wood industry 
Pulp and board 30 55 [63][99][149] 
Sawmill and construction 30 60 [63][99][149] 
Silviculture 
Natural forest 23 60 [63][99][149] 
Planted forest 30 100 [63][99][149] 
 
Table 8. Characterization of residential solid waste from Bogotá by 2011 [96]. 
Category / % Subcategory 
Food 60.56 - 
Pruning 0.87 - 
Paper and carton 7.10 - 
Plastic 10.45 
Polyethylene 6.20 % 
Polycarbonate 0.04 % 
Rigid polystyrene 0.34 % 
Polyvinylchloride 0.04 % 
Transparent PET 1.33 % 
Amber PET 0.09 % 
Green PET 0.07 % 
Rigid polypropylene 0.31 % 
High density polyethylene 0.70 % 
Flexible polypropylene 0.87 % 
Expanded polystyrene 0.30 % 
Other  0.16 % 
Rubber and leather 0.42 - 
Textile 1.89 - 
Wood residues 0.32 - 
Glass residues 2.08 
Amber 0.22% 
Transparent 1.46 % 
Green and colors 0.40 % 
Rubble 1.19 - 
Dangerous residues 12.95 
Sanitary waste 11.62 % 
Other 1.33 % 
Metallic residues 0.85 
Ferrous 0.67 % 
Aluminium 0.14 % 
Lead 0.02 % 
Cupper 0.02 % 
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Table 9. OMSW residues and their lower heating value in wet basis. 
OMSW residues 
Lower heating value  
(wet basis) / kJ/kg 
min max References 
Food  700 3 900 [92][63]  
Pruning 1 627 8 457 [92][63]  
Recycling 9 460 17 917 [150][151][152] 
The theoretical energy potential is calculated following the above described methodology 
and the data summarized in tables 4 to 9. A total theoretical energy potential of 719.3 
PJ/year was obtained; the agricultural sector contributes a 77 % and establishes itself as 
the sector with the greatest potential. The forestry sector provides in turn 9.7 %, while 
OMSW 7.3 % and livestock 5.3 % of the total potential. More detailed information in this 
regard is showed in appendix A. The results obtained in this work (presented as BIOT) 
are quantitatively comparable with the values reported by AENE [105], Escalante et al. 
[101] and González et al. [63], as shown in the figure 20. 
 
Figure 20. Comparison of the theoretical energy potential of residual biomass in Colombia, 
calculated by different authors. 
The differences between the results obtained in this study and the values reported in the 
literature might be due to the following factors: 
(1) More recent statistics (2013 – 2015) are used in the present work. 
(2) Only residual biomass generated by the poultry fattening sector is considered 
which potential is estimated in approximately 25 % of the total energy potential 
of the livestock sector in previous studies. For instance, González et al. [63] and 
Escalante et al. [101] take into account cattle, pork, poultry and equine wastes 
(the last one only by González) and use a common biogas yield from manure 
disregarding the differences between types.   
(3) The potential associated with the residual biomass from natural forests is not 
considered in the present study. The country has a vast untapped potential 
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(equivalent to 98 %) for the exploitation of planted forest and therefore, 
exploitation of  natural forest and endangered forest species should be avoided 
[85].  
(4) The present work does not consider the energy potential associated with the 
production of liquid biofuels from primary biomass resources. The production of 
biofuels might involve high costs, high water consumption rates, soil degradation 
and conflict between food and fuels production capacity [153]. The present work 
focuses only on residual biomass and not primary biomass resources. 
(5) Escalante et al. [101] do not take into consideration the forestry sector and, 
regarding the municipal sector, focuses only on pruning and food residues from 
markets (in twelve cities) estimating a theoretical energy potential of 0.4098 
PJ/year (not visible in the figure). 
(6) Generally, the by-product to product ratios of oil palm and sugar cane residues 
given by Escalante et al. [101] are much higher than those reported in alternative 
literature and therefore, those used in this work do not coincide with the values 
shown in Escalante et al. [101]. 
(7) González et al. [63] use the range of production of municipal solid waste per 
capita in order to obtain the overall production volume of MSW and estimate the 
amount of landfill gas that can be generated in landfill applications. This work, in 
contrast, uses the production of municipal solid waste and the characterization of 
the residential solid waste in Bogotá and extrapolates this information to the 
other regions of Colombia. Then the production is multiplied by the energy 
content of the residues in wet basis.    
(8) AENE [105] calculates the theoretical energy potential of the agricultural sector 
considering cotton, coconut, common bean and barley residues but disregarding 
those generated from corn, banana and plantain crops. Present work focuses on 
the eight agricultural crops with the highest productions in Colombia and 
therefore, with the highest productions of residual biomass in the country. 
Based on the results of energy potential, six residual biomasses stand out, their 
theoretical energy potentials sum 64 % of the total calculated. Table 10 presents these six 
residues, together with the most representative municipalities and regions associated 
with their production in Colombia. 



























95.03 Valle del Cauca 76.06 Palmira 16.28 
Corn stover 84.68 Córdoba 10.77 Cereté 1.90 
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Rice straw 41.83 Tolima 10.82 Saldaña 1.96 
Poultry litter 37.84 Santander 9.33 Piedecuesta 1.86 
Coffee stem 36.98 Huila 6.55 Pitalito 0.90 
The technical energy potential is calculated based on the availability factors associated to 
each residual biomass. This factor indicates how much material is already being used or 
processed by the corresponding productive sector and how much it is in fact available to 
be used in alternative processes. The estimation of availability factors requires a 
particular analysis on the current status of each subsector. Currently, most of the 
residues considered in this study are use as animal feed, as compost material or as fuel 
through its direct combustion in boilers. 
For oil palm residues, 57 % of shells, 12 % of the fiber and 83 % of the rachis can be 
exploited in alternative ways [154]. These factors are defined through the weighted 
average of the values reported by each of the profit plants surveyed by CENIPALMA, 
taking into account their installed capacity. ASOCAÑA [102] provides information about 
the utilization of sugar cane leaves and top as cattle and swine feed, sugar cane bagasse is 
used as fuel to provide heat in the sugar and ethanol industries and for paper 
manufacture. AENE [105] and González et al. [63] establish an unused potential of the 
sugar cane top, usually spread over the fields and partially used as compost material in 
the plantation as well; however, only 20 % of this residue is considered for 
thermochemical processes considering the difficulty associated to its collection and 
transportation. Moreover, the spatial dispersion and the size of the small scale mills in 
the panela industry do not enable a use of the residues different to the traditional ones as 
fuel material, animal feed and green manure [105][155], this sector in fact, demands 
additional energy in the form of firewood for its operation. 
Coffee pulp is used in farms to produce fertilizer through composting and as animal feed. 
Its dispersion is significantly high and therefore, it is not considered feasible for using in 
thermochemical processes yet [105]. However, it must be highlighted that coffee pulp has 
a remarkable potential for biogas and ethanol production given its organic matter 
composition and moisture content [108]. Coffee stalks are used by producers for toasting 
and drying of beans, and represent an excellent product for composting systems [156]. 
Coffee husk has excellent properties as fuel [108][156], nevertheless, its use is not 
economically viable at the farm level. For the present work, it is assumed a maximum 
availability factor of 25 % associated with the major coffee producers (farms larger than 
10 hectares) [157] given the consideration made by Arenas Castellanos [158] who 
proposes a financial evaluation of coffee husks use at industrial and municipal levels.  
 The residual biomasses associated with corn cultivation do not represent a strong 
potential energy capable of being exploited because they are used as animal feed, 
especially in the livestock sector and as green manure in the same plantations [63][105]. 
A large part of the rice straw production is incinerated or thrown into water bodies 
causing serious environmental consequences, the remainder fraction is spread in stables 
[114]. Rice straw is one of the more complex residues to be disposed, due to: i) amount of 
generated wastes, ii) moisture above 70 %, iii) high dispersion, and iv) lack of alternative 
uses. Because of its moisture content, this residue is not considered viable for 
thermochemical processes, however, it stands out as a residual biomass suitable for 
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anaerobic digestion processes [159]. Rice husk represents an opportunity for the 
development of alternative energy projects, even though part of the husk is marketed for 
use in barns, stables, poultry farming, and gardening activities, this market is not able to 
consume the total amount produced. AENE [105] estimated that 44 % of the total amount 
of husk is usable in alternative ways. 
Residual biomasses derived from banana and plantain crops have moisture contents 
higher than 90 % and are not suitable to be used in thermochemical processes. Those 
residues are currently reintegrated to the plantation as compost [160], used as animal 
feed and even serve as raw material for handmade crafts and for the extraction of textile 
fibers [63][118]. 
Regarding the livestock sector, González et al. [63] established that poultry litter is not 
available for other uses since it is currently used as fertilizer. However, Sanguino and 
Téllez [124] documented the effectiveness of poultry litter gasification for an energy-self-
sufficient poultry farm in the town Lebrija, Santander. Based on this, an availability factor 
of 30 % is assumed, which is the fraction currently composted, that could be used in 
alternative energetic processes adding greater value. 
Colombia has a vast and virtually unexplored forest potential; out of 25 million hectares  
suitable for the development of forest plantations, only 450,000 hectares were planted by 
2015 [85]. Wood energy crops and commercial forest plantations should be considered 
an alternative biomass source with high capability for social, economic and 
environmental development. The actual technical energy potential for this scenario could 
reach 90 % of the theoretical calculated value, given the high concentration of wood 
products and residues that could be used for energy production [105]. Nonetheless, the 
current forestry situation indicates that all residues generated from Eucalyptus, Pinus, 
Gmelina and Acacia species, are currently reused in the production sites as raw material 
for secondary products or as fuel in boilers. In fact, little information is found in the 
literature for the assignment of availability factors for those species. Gonzalez et al. [63]  
adopts an availability factor of 50 %; however, some experts from the forestry industry in 
Colombia indicated that this value is too high for the current Colombian scenario and in 
fact, the residues generated during processes are reused in the production chain. Due to 
the high uncertainty, for the present work, it is assume an availability factor of 0 % for 
the forestry sector. Also, some woods with good projection in Colombia, such as Tectona 
Grandis, offer a high quality wood and are therefore well listed on the timber market, 
which makes them unfeasible as wood energy crops [161]. 
In relation to the urban organic solid waste sector, currently, food market residues and 
pruning wastes are used almost entirely for animal feed, and no other uses are 
anticipated in the short term [63]. The use of remaining organic waste, i.e. paper, wood, 
cardboard, textiles and plastics, a possible energetic use of these wastes is not foreseen 
because of the lack of a structured recycling program in the country. Additionally those 
wastes can be reintegrated into the productive chains and are therefore not available for 
alternative energetic applications. 
Table 11 shows the availability factors assigned to residual biomasses identified as 
promising to be exploited through thermochemical conversion processes according to 
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the present analysis, together with their main current uses. The residual biomasses with 
an availability factor of 0 % are not considered for energetically projects since they are 
totally consumed in traditional uses. 
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Using the availability factors listed above, a technical energy potential for residual 
biomasses in Colombia of 57.6 PJ/year for thermochemical purposes was estimated; from 
which the 80.3 % is associated to agricultural sector residues and the remaining fraction 
to the poultry litter. This result (presented as BIOT) is comparable, as seen in figure 21, 
with equivalent studies. AENE [105] estimates a technical energy potential of 178 PJ/year 
mainly due to the higher availability factors adopted in the agricultural and forestry 
sectors, and the biofuel production [105]. Escalante et al. [101] does not calculate the 
technical energy potential and focus only on the theoretical value. González et al. [63] 
estimates a technical potential of 59 PJ/year distributed as follows: 17 PJ/year of 
agricultural sector, 17 PJ/year associated with animal waste, 18 PJ/year for forest 
residues and 7 PJ/year to the organic municipal solid waste. Differences with the present 
work are explained considering that González et al. [63] take into account, for the animal 
waste sector, the biogas production from cattle and pork wastes, 50 % of the availability 
factor assigned to the forestry residues, and the landfill gas production from organic 
municipal waste. The present work instead, considers only energy potential to be used in 
thermochemical transformation.  
 
Figure 21. Comparison for the calculated technical energy potential between this work and 
equivalent studies in Colombia. 
Table 12 shows the amount of dry matter (in t/year) estimated for the residual 
biomasses currently available in Colombia (sugar cane top – large scale, poultry litter, 
rice husk, oil palm rachis, oil palm shell, coffee husk, and oil palm fiber), together with  
the technical energy potential and the most representative regions and municipalities in 
Colombia where they are produced.  
0 100 200











17 17 18 7
46 11
Universidad Nacional de Colombia –Bogotá D.C 61 
 
Table 12. Dry amount of residual biomass currently available, technical energy potential and 
















Sugar cane top 
(large-scale) 
1 521 636 32.61 Valle del Cauca Palmira 
Poultry litter 658 811 11.35 Santander Piedecuesta 
Rice husk 387 787 6.91 Tolima Saldaña 
Oil palm rachis 251 188 4.65 Meta San Carlos de Guaroa 
Oil palm shell 57 754 1.16 Meta San Carlos de Guaroa 
Coffee husk 34 964 0.65 Huila Pitalito 
Oil palm fiber 15 035 0.27 Meta San Carlos de Guaroa 
For seasonal crops, there is a monthly variation in availability of biomass, so the technical 
energy potential (in TJ) of the residual biomasses changes throughout the year, this is 
presented in figures 22 and 23 for the biomasses under discussion  [70][162]–[165]. The 
average values and standard deviations for each biomass in 2013, 2014 and 2015 are 
further presented in table 13. It must be highlighted that rice husk production depends 
upon whether it is an irrigated or rainfed rice crop; for the first one its energy potential is 
concentrated in January and August with a value close to 520 TJ, while the lowest 
potential is found in march with 78.2 TJ; and for the rainfed rice crop, April with 770 TJ 
and December with 9.2 TJ show the highest and lowest technical energy potential, 
respectively. Sugar cane top has the highest average technical energy potential (2 717.3 
TJ/month) but also has the largest standard deviation especially demarcated by the 
difference between the technical energy potential of May and August, 1 696 TJ and 3 506 
TJ, respectively. This complements the information presented before and represents an 
important factor for further studies focused on the economic potential of these biomasses 
in order to prove the viability of localized projects in Colombia.  
Table 13. Monthly average technical energy potential and standard deviation of the available 
residual biomasses of Colombia and therefore, the biomasses selected for the further analysis. 
Residual biomass 
Average technical energy 
potential / TJ/month 
Standard 
deviation 
Sugar cane top (large-scale) 2 717.3 544.7 
Poultry litter 945.9 49.2 
Rice husk 575.8 199.0 
Oil palm rachis 387.3 111.0 
Oil palm shell 96.4 27.6 
Coffee husk 54.0 8.1 
Oil palm fiber 22.4 6.4 
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Figure 22. Monthly variation of the technical energy potential of the sugar cane top, rice husk, 
oil palm rachis and poultry litter. 
 
Figure 23. Monthly variation of the technical energy potential of the coffee husk, oil palm shell 
and oil palm fiber. 
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5.  PHYSICAL CHARACTERIZATION 
After surveying the main residual biomasses generated in the agricultural, livestock, 
forestry and urban solid waste sectors in Colombia, the following residual biomasses 
were identified as those with the highest technical energy potential: oil palm shell, fiber 
and rachis, sugar cane top, rice husk, coffee husk and poultry litter (figure 24). The sugar 
cane bagasse (figure 24) was included in the group for further study since it has a very 
large theoretical energy potential, but is fully consumed in industry. In this manner, 
biomass samples were collected from different sites across the country and 15 samples 
were prepared by drying and grinding.  
   
   
   
Figure 24. Samples of the selected residual biomasses as received: a) oil palm shell, b) oil palm 
fiber, c) oil palm rachis, d) sugar cane bagasse, e) sugar cane top, f) rice husk, g) coffee husk and 
h) poultry litter. 
Technical characterization was made through three different pillars: physical, fluid 
dynamic and thermochemical, this in order to cover the most relevant properties that 
might influence the thermochemical conversion of the materials in fluidized bed reactors. 
Physical properties included moisture content, particle size distribution, mean particle 
size, bulk density, particle density and sphericity. The fluid-dynamic characterization was 
performed for all biomass samples as well as for binary mixtures of biomass-sand, and 
consisted on the measurement of the minimum fluidization velocity and the identification 
of dominant regimen and phenomena with the variation of velocity. Finally, proximate 
and ultimate analyses, and the determination of the calorific value of each biomass were 
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performed to cover the thermochemical component. Fluid-dynamic and thermochemical 
characterization are explained in detail in chapters 6 and 7, respectively. 
5.1 Samples preparation and conditioning 
Biomasses were received from different regions in Colombia according to their 
production location. After their reception a first attempt to measure their moisture 
content was done at 105 °C using the moisture analyzer Ohaus - MB120 on samples of 0.5 
g approximately. Oil palm fiber and rachis stand out because of their high initial moisture 
content around 30.7 % and 49.8 %, respectively. The moisture content of sugar cane 
residues depend upon the morphology, since it varies for the cover to the pulp between 
55.1 % and 74.1 %. A similar effect was observed for the sugar cane top, where outer and 
inner layers exhibited moisture contents of 61.4 % and 85.0 %, respectively (figure 25). 
     
Figure 25. Sugar cane bagasse and top morphology. 
Biomass conditioning comprised drying and grinding of all the available material. 
Procedures were done pursuing the biological stabilization of the material by reducing 
the moisture content below of 15 % w/w (section 5.2) and to achieve adequate particle 
sizes for utilization in fluidized beds (below 3 cm approximately). Due to the morphology 
of the sugar cane top, it was necessary to manually separate the layers; otherwise, drying 
was not possible. Grinding was performed according to the particular characteristics of 
each material in a hammer mill for fiber type biomasses (oil palm fiber and rachis) and in 
a cutting mill for the other samples. From these processes, 15 different samples were 
generated and are presented in table 14 and figure 26.  
Table 14. Biomass samples under studied. 
Residual biomass Sample 
Nomenclature used 
in this study 
Oil palm shell 
As received S-AR 
Ground S-G 
Oil palm fiber 
Coarsely ground F-CG 
Finely ground F-FG 
Oil palm rachis 
Coarsely ground R-CG 
Finely ground R-FG 
Sugar cane bagasse 
Coarsely ground B-CG 
Finely ground B-FG 
Universidad Nacional de Colombia –Bogotá D.C 65 
 
Sugar cane top 
Coarsely ground T-CG 
Finely ground T-FG 
Rice husk 
As received RH-AR 
Ground RH-G 
Coffee husk 
As received CH-AR 
Ground CH-G 
Poultry litter As received PL-AR 
 
   
   
   
   
Figure 26. Pictures of the biomass samples after the conditioning processes: Oil palm shell as 
received (S-AR), oil palm shell ground (S-G), oil palm fiber coarsely ground (F-CG), oil palm fiber 
finely ground (F-FG), oil palm rachis coarsely ground (R-CG), oil palm rachis finely ground (R-
FG), sugar cane bagasse coarsely ground (B-CG), sugar cane bagasse finely ground (B-FG), sugar 
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cane top coarsely ground (T-CG), sugar cane top finely ground (T-FG), rice husk as received (RH-
AR), rice husk ground (RH-G), coffee husk as received (CH-AR), coffee husk ground (CH-G) and 
poultry litter as received (PL-AR), respectively.      
5.2 Moisture content 
The ASTM D-4442 was used for the direct measurement of the moisture content [166]. 
The oven-drying method was applied using a forced convection oven at 105 ± 2 °C and 3 
samples of 5 g each, of the biomasses presented in table 14. Biomasses were dried at 
steady conditions until the mass of the sample remained constant for 3 hours. 24 hours 
were suitable for all the cases. The initial and final mass of the samples were measured 
with a resolution of 0.001 g and the moisture content was calculated as presented in the 
section 2.2.3. Results are presented in figure 27.  
 
Figure 27. Moisture content of the samples under study. 
As expected, the moisture content was set below 15 % for all samples. Poultry litter as 
received with 14.9 % was the biomass with the highest moisture content after dying, and 
also the one with the highest biological activity (a large quantity of Alphitobius 
diaperinus was observed). Stability of the moisture content at atmospheric conditions in 
Bogotá could be established for all samples. In general, variations lower than 10 % were 
found after some weeks.  
5.3 Particle Size Distribution (PSD) and Mean Particle Size  
To ensure the particle size analysis to be representative, the entire mass available of each 
sample was sieved. A stack of six “U.S Standardized Sieve Series” and the “Ro-Tap Testing 
Sieve Shaker” were used as shown in figure 28. Due to the wide size distribution of the 
samples, sieves with aperture sizes in the range of 45 µm to 9 500 µm were used. For the 
samples where more than 10 % of the mass remained at the top sieve or the bottom 
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distribution. The sieving procedures comprised dividing each sample into smaller 
portions of 100 g to 200 g and sieve them separately for a period of 15 – 20 minutes; 
then, the particles retained in each sieve were packaged separately and weighted to 
calculate the mass fraction in each size range.  
 
Figure 28. Testing sieve shaker and stack of six "U.S Standard Sieve Series". 
All the PSD results are presented graphically in Appendix B, these plots show the 
absolute mass fraction of particles retained in a single sieve, p3 and the cumulative mass 
fraction of particles that pass a standard sieve, Q3, versus the size of particles in µm and 
the number of the US Standard Sieve used in each case. As an example, the PSD of sugar 
cane top finely ground is presented in figure 29. The bars in the diagram show the 
absolute mass fraction, indicating for instance that nearly 20 % of the particles were 
retained in the sieve number 20 (850 µm aperture size) but passed through the sieve 
number 18 (1 000 µm aperture size). Accordingly, 20 % of the particles have sizes 
between 850 and 1 000 µm. The markers indicate the accumulative mass fraction, for 
instance, the 8th point from left to right states that 40 % of the particles pass the sieve 
number 20 and therefore, 40 % of the particles are smaller than 850 µm. 
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Figure 29. PSD of the sample T-FG, sugar cane top finely ground. 
The mean particle size diameter of the samples analyzed was calculated as presented in 
the section 2.2.3. Results were found between 201 and 2 576 µm, tested samples 
exhibited in general broadly dispersed (flat) size distributions [167], as shown in 
Appendix B. Table 15 shows the mean particle size and the 10th and 90th percentiles 
obtained from the Particle Size Distributions. In particular, F-CG, F-FG, R-CG, R-FG, B-CG, 
B-FG, T-CG, RH-G and PL-AR showed dispersions that significantly deviate from a normal 
distribution. For these cases, the mean particle diameter, calculated as in equation 21, is 
not enough for a proper characterization of the particle size, and an indication of 
dispersion such as the percentiles is necessary. In fact, although sieving is the most used 
technique to describe the size of particles, because of its simplicity, it does not appear to 
be the most suitable option for particles of low sphericity, such as fibers. This is because 
this measurement is based on the volume equivalent diameter (the diameter of a sphere 
with the same volume as the particle), which determination through sieving is highly 
inaccurate. Instead, the size determined by sieving corresponds to the dimension of the 
traverse area of fibers or the width of irregular particles in general [168]–[170]. 
Complementary, S-AR, S-G, T-FG, RH-AR, CH-AR and CH-G samples showed asymmetric 
and relatively less dispersed size distributions. Despite limitations of the method, results 
of sieving are used as a reference of the characteristics of the samples under study.   







/ µm P10 – P90 / µm 
S-AR 2 576 1 330 – 7 830 
S-G 1 781 1 120 – 3 330 
F-CG 340 158 – 3 960 
F-FG 201 87 – 1 090 
R-CG 709 240 – 8 660 
R-FG 352 171 – 1 980 
B-CG 888 460 – 3 260 
B-FG 545 308 – 1 940 
T-CG 912 462 – 4 190 
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T-FG 623 353 – 1 930 
RH-AR 1 040 790 – 2 330 
RH-G 395 215 – 1 820 
CH-AR 1 580 930 – 4 150 
CH-G 1 032 689 – 2 860 
PL-AR 258 117 – 2 970 
5.4 Bulk density 
A system was built assembling the one indicated in the ASTM D2854-09 used to estimate 
the bulk density of activated carbon [46]. As shown in figure 30, it consists of a vibratory 
platform and a bar attached to it that hits with constant frequency the biomass container. 
By setting the inclination of the container and the vibration frequency any sample can be 
fed at a controlled flow rate. The material is fed in this way to the test tube placed on a 
balance of resolution 0.1 g. For each test, 100 ml of biomass were fed at 1 ml/s, a 
minimum of 3 repetitions were carried out. 
 
Figure 30. Set-up for the measurement of the bulk density. 
In order to assure that the 100 – 200 g sample has exactly the same PSD as the original 
one, it was “reconstructed” from the size fractions as in the actual PSD. Bulk densities 
between 35 (R-CG) and 707 kg/m3 (S-G) were found for the samples under study. In 
general, these measurements showed a very low variance (table 16). Samples with low 
fluidity such as oil palm fiber, oil palm rachis and sugar cane top, stand out because of the 
difficulty to perform the measurement. These samples have fiber-type particles that 
interlock and tend to agglomerate. In those cases, it was necessary to modify the 
discharge angle of the biomass container; as soon as the clusters reached the end of the 
biomass container, the entire cluster fell freely into the graduated cylinder followed by 
small particles; thus, the required flow rate of 1 ml/s was sharply exceeded for those 
cases. They exhibit significantly low bulk densities, difficulting any type of transportation. 
In this regard, experimentation showed the need for modifications to the method in order 
Universidad Nacional de Colombia –Bogotá D.C 70 
 
to allow the standardization of the measurement for materials with low fluidity, as it is 
the case of many biomasses. It can be concluded that higher bulk densities are obtained 
as the size particle is diminished.  
5.5 Particle density 
The particle density was measured using a 25 ml pycnometer (figure 31). Water is the 
common test liquid used for the density determination of solid particles by pycnometry, 
however, since biomass particles tend to absorb water, the use of liquid paraffin (density 
830 kg/m3) is recommended by the norm UNE-EN 993-1 [171]. For each sample, 0.5 g of 
the most representative size fraction from PSD was taken and at least 3 repetitions were 
carried out. The volume of the solid matter is calculated based on the volume of the liquid 
displaced when the solid is immersed (Archimedes principle). The particle density (ρp) is 
calculated using the density of paraffin (ρf), the mass of the solid (mp), the mass of the 
pycnometer filled with paraffin (mF), and the mass of the pycnometer filled with paraffin 
and biomass (mFp), according to: 
𝜌𝑝 = 𝜌𝑓 (
𝑚𝑝
𝑚𝐹 + 𝑚𝑝 − 𝑚𝐹𝑝
) (38) 
     
Figure 31. Pycnometer used for particle density determination. 







Average Min – Max  Average Min – Max  
S-AR 595 568 – 629  1 375 1 286 – 1 522  
S-G 707 701 – 710  1 276 1 263 – 1 285 
F-CG 43 34 – 50  1 350 1 319 – 1 404 
F-FG 200 196 – 203  1 317 1 289 – 1 368 
R-CG 35 18 – 54  1 073 1 063 – 1 093 
R-FG 98 71 – 122  1 382 1 366 – 1 395 
B-CG 75 45 – 94  579 443 – 746  
B-FG 153 144 – 159  814 793 – 853  
T-CG 109 98 – 131  662 627 – 693  
T-FG 171 157 – 188  993 802 – 1 108  
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RH-AR 154 145 – 161  1 093 1 089 – 1 097  
RH-G 292 288 – 296  1 277 1 232 – 1 365 
CH-AR 207 193 – 224  1 283 1 258 – 1 333 
CH-G 305 301 – 310  1 306 1 204 – 1 359 
PL-AR 544 535 – 549  1 403 1 191 – 1 563 
Also the particle density showed low variance; the density of the samples were found 
between 579 (B-CG) and 1 403 kg/m3 (PL-AR) as presented in table 16. The lowest 
densities correspond to sugar cane bagasse and top samples while oil pal shell and 
poultry litter had the highest densities.  
5.6 Sphericity 
The most representative fraction from PSD was chosen to evaluate sphericity; single 
particles were taken from that fraction. At least 25 particles of each sample were 
photographed; a stereo-microscope that allows magnification of 10 to 63 times was used. 
Particles were rotated and photographed in three different planes as shown in figure 32 
analogously to the method proposed by Lu et al. [172]. Flake-like or fibrous particles may 
exhibit a different shape factor depending on the observation angle, this procedure aimed 
to reduce bias due to that effect. The images obtained from the stereo-microscope were 
processed with the software ImageJ in which, the projected area Sp and the perimeter Pe, 
were measured for each particle. Based on these data, the mean sphericity Φ, of the 






Figure 32. Same particle seen from three different angles. Sample S-AR. Particle captured in the 
stereo-microscope, and analyzed with ImageJ. 
Significant differences were observed among different planes in most of the samples 
analyzed. This can be observed in figure 33 where the spectrums of sphericities 
calculated are shown. Wide dispersions are obtained for most cases especially for 
irregular or unusual shapes, flake-like, flat-like or fibrous, for instance. This is the case of 
S-AR, S-G, F-FG, R-FG, B-CG, B-FG, T-CG, T-FG, CH-AR and CH-G. On the contrary, F-CG, R-
CG, RH-AR, RH-G and PL-AR showed comparatively lower dispersions using Sympatec 
equation, indicating more regular shapes between planes of analysis. Oil palm shell (as 
received and ground) and poultry litter as received showed the highest sphericities with 
average values of 0.73, 0.75 and 0.88 respectively. In general, grinding helped increasing 
the sphericity due to the fragmentation of larger irregular particles into smaller, more 
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rounded pieces; however, this also causes some times the increment in the dispersion of 
the data (oil palm fiber and rachis samples primarily).   
 
Figure 33. Sphericities calculated by Sympatec formula through image analysis considering 
different observation planes. 
Some results in the literature indicate that the values presented in figure 33 overestimate 
the real sphericity of rice husk particles, for instance [173]. Even Cavarretta et al. [51] 
recognized that the sphericity predicted by Sympatec formula in general overestimate 
the real sphericity of the particles. In order to refine the estimation of the sphericity, an 
alternative method is proposed here based on an idealized flake-type particle (figure 34), 
and three dimensions easily measurable: the particle´s perimeter, the projected area and 
the thickness. This method is applicable to oil palm shell, rice husk and coffee husk.  
       
Figure 34. Idealized flake particle of constant thickness and real rice husk particles captured in 
the stereo-microscope.   
Taking into account the general expression for calculating sphericity (equation 27), a new 
expression for calculating the sphericity of flake-like particles (equation 41) was deduced 
using Sympatec sphericity and a proposed shape factor (AR) which works in function of  






5.62 𝐴𝑅2 3⁄  𝛷𝑠𝑦𝑚𝑝𝑎𝑡𝑒𝑐
4 3⁄  
𝛷𝑠𝑦𝑚𝑝𝑎𝑡𝑒𝑐
2 +  2𝜋𝐴𝑅 
 (41) 
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The thickness of particles was measured using a micrometer and the perimeter was 
measured from the 2D pictures using the software ImageJ. New results are plotted in 
figure 35 indicating a diminishing in the mean sphericity of oil palm shell from 0.74 to 
0.70, rice husk from 0.64 to 0.36 and coffee husk from 0.46 to 0.44 in comparison with 
the values calculated through the Sympatec formula. Additional work is being carried out 
in order to validate these results using 3D scanning technology which allows measuring 
the real sphericity of the particles. Furthermore, new models are being studied and tested 
based on 2D dimensions for calculating the particle´s sphericity of flat and fibrous-type 
particles as a way to mitigate the limitations of Sympatec´s equation.  
 
Figure 35. Sphericities calculated using the proposed equation to calculate the sphericity of 
flake-like particles (equation 41) considering the proposed shape factor which correlates the 
thickness and the perimeter of a particle (equation 40). 
5.7 Geldart´s classification of particles 
Mean particle sizes and densities were used to establish the particle type of the different 
samples after Geldart’s classification. Figure 36 shows the classification of the biomasses 
studied here on the Geldart´s diagram (air at room conditions was considered as gas 
phase). This classification, gives a first approximation on the fluidization behavior of the 
particles. Most of the samples from this work are located in the B region (sand-like 
particles) whereby they are expected to exhibit good qualities to be fluidized. S-AR, S-G 
and CH-AR are classified as spoutable particles located in the D region while CH-G and 
RH-AR are located in the BD boundary. These last samples are therefore expected to be 
better fluidized in spouted beds so they would require much higher velocities to be 
fluidized. Finally, F-FG particles are located in the AB boundary of the Geldart´s diagram 
so it is expected that these particles fluidize well, but expand considerably after 
exceeding the minimum fluidization velocity and before bubbles start appearing [10]. 
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Figure 36. Biomass samples located on the Geldart´s diagram. 
However, some additional considerations should be made: this analysis is only indicative, 
since Geldart´s classification is given for monodispersed particles of high sphericity, and 
some of the samples studied here considerable deviate from these assumptions. Also, this 
initial prediction about the fluid-dynamic behavior of samples will not necessarily be 
confirmed for biomass-sand mixtures. The actual fluidization regimes exhibited by each 
biomass sample and binary mixtures composed by biomass-sand particles are verified 
through practical fluidization experiments in the following chapter. Nevertheless, the 
Geldart´s classification will be a key-factor in the prediction of the minimum fluidization 
velocity of binary mixtures as it will be presented in section 6.2.1. 
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6. FLUID-DYNAMIC CHARACTERIZATION 
A cylindrical fluidization chamber made of acrylic glass (poly-methyl methacrylate) with 
an inner diameter of 13.5 cm and a height of 67.0 cm was used to test the fluid-dynamic 
behavior of the biomass samples [174]. Pressure was measured with differential sensors 
with a resolution of 0.1 mbar at 8 points located, one before the distributor plate and 7 
along the chamber at 2.8 cm, 5.2 cm, 10.7 cm, 20.3 cm, 30.5 cm, 45.3 cm and 65.4 cm 
(from the distributor). Compressed air at room conditions was used as fluidization 
medium; the gas flow rate was regulated using a rotameter with a needle valve. The 
distributor plate consists of a perforated plate with a free area of 23 % and circular holes 
of 1 mm diameter in a triangular pattern. It is covered with a synthetic fabric that is 
permeable to air and prevents the powder-like particles of the bed material to drain 
down the distributor. In addition, grounded strips of copper tape and a measuring tape 
are stuck to the outer walls of the fluidization chamber to prevent electrostatic charging 
and to measure the bed expansion during experimentation, respectively. The unit is 
complemented by a cyclone that collects the elutriated particles during the experiment as 
show in figure 37.  
   
Figure 37. Flow chart (left) and picture (right) of the experimental unit used for fluid-dynamic 
characterization of biomass. 
Identifying and understanding the fluidization characteristics of biomass is very 
important for modeling and design of fluidized bed reactors. Due to their particular 
physical characteristics, biomass particles cannot be easily fluidized and a second bulk 
material, usually an inert material such as silica sand, is used to facilitate the operation 
[175]. During the process, the bed materials also serve as a heat transport medium inside 
and outside the bed. In fact, some of them have catalytic activity that enhances the 
reactions taking place inside the reactor. 
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The experiments were divided into two main groups; one consisting of biomass particles 
only and the second one using a binary mixture composed by silica sand as bed material 
and biomass particles. For all cases, exactly the same particle size distribution of the 
biomass samples (as shown in appendix B) was ensured. During the experimental 
procedure, the superficial gas velocity is slowly increased, while drop pressure and bed 
height were measured, and observations on the fluidization behavior were noted. The 
fluidizations curves are formed relating the total pressure drop against the superficial gas 
velocity. The superficial velocity of the air, U, was calculated by dividing the air flow rate 





6.1 Biomass fluidization 
Little information is available in the literature regarding fluidization characteristics of 
biomass particles since it is common accepted that most of them are unable to be 
fluidized without using a bed material. Oil palm shell, rice husk  and coffee husk  have 
received some attention due to the fact that their physical morphology might be suitable 
as fuel to be transformed in fluidized bed reactors without any special conditioning or 
mixing with any other bed material [176]–[178]. Hence, the fluid-dynamic 
characterization of the biomasses here studied is necessary in order to give technical 
criteria about their possible use as alternative fuels in fluidized bed reactors.     
For the first set of experiments, batch experiments of each biomass sample were 
performed. Different masses were selected for each biomass sample due to the difference 
densities and in order to keep a bed height close to 10 cm. In this way, 40 g of F-CG and R-
CG, 100 g of F-FG and R-FG, 500 g of S-AR, S-G and PL-AR, and 200 g of the remaining 
samples were studied. Three main phenomena were observed during experimentation: 
bubbling fluidization, jetting flow and slugging. The results are plotted together 
depending upon the phenomenon observed, as presented in figures 38 to 40.  
S-AR, S-G and PL-AR, show a constant increase of the total pressure drop with the 
increase of the superficial gas velocity until the minimum fluidization was reached, there 
the pressure drop tends to stabilize around a fixed value around 3.2 mbar (figure 38). 
Bubbles that eject particles to the freeboard were observed on the surface of the bed for 
all cases. No significant expansion of the bed was observed during experiments. These 
biomasses have the highest particle densities and sphericities as reported in chapter 5. 
They showed in general stable fluidization and can be fluidized without a second bed 
material. On the one hand, poultry litter exhibited a linear increment between the 
pressure drop and the superficial gas velocity clearly defining the fixed bed regime before 
minimum fluidization at 18.6 cm/s. On the other hand, the fixed bed regime observed for 
oil palm shell samples follows an exponential trend that slightly differs from the 
theoretical linear relation, before reaching the minimum fluidization velocity at 23.3 
cm/s for S-AR and 27.9 cm/s for S-G. This could be partially explained due to the fact that 
during experiments small movements of some particles at the bottom of the bed were 
observed, even at low superficial gas velocities.  
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Figure 38. Fluidization curves of the biomasses which exhibited bubbling fluidization. 
RH-AR, RH-G and CH-G fluidization was characterized by the formation of large channels 
causing instabilities in the development of the pressure drop profile (figure 39) beyond 
the fixed bed regime and inhibiting the stable fluidization of these biomasses. A partial 
fluidization zone was observed for these cases, characterized by the partial or localized 
fluidization of the bed while another part remained motionless. In general, when 
channels appear, the resistance of the bed to the airflow becomes lower showing a 
sudden decrease in the pressure drop at 11.6 and 21.0 cm/s for RH-G and at 11.6 and 
16.3 cm /s for CH-G. The gas flows through the channels creating preferential gas flow 
path and reducing the effective cross section for the flow. A further increase of the 
superficial gas velocity caused that some solids were entrained and ejected to the 
freeboard forming localized jetting flows. RH-AR reached the partial fluidization zone 
simultaneously when some channels were formed next to the walls at 27.9 cm/s. A 
channel formed during CH-G is observed in figure 40. Channeling and jetting are 
therefore associated with flake-type particles with low sphericities, which irregular 
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Figure 39. Fluidization curves of the biomasses which exhibited channeling and jetting flow. 
 
Figure 40. Channel formed during CH-G fluidization before reaching jetting flow state. 
The remaining samples (F-CG, F-FG, R-CG, R-FG, B-CG, B-FG, T-CG, T-FG and CH-G) were 
unable to be fluidized. Even though the pressure drop tended to increase linearly, it 
reached a maximum (figure 41) where suddenly, the entire bed (or most of it) was lifted 
by the upstreaming air forming a slug that inhibited the fluidization. At this point, a 
measurement of the pressure drop was not possible and the experiment was stopped. 
The slugging regime was found for B-FG and T-FG samples after reaching a superficial gas 
velocity of 11.6 cm/s. Oil palm fiber and rachis samples are not plotted in the figure, 
nonetheless, they followed an analogously behavior. For these cases, slugs were formed 
even at pressure drops lower than 1.0 mbar and superficial gas velocities between 25.6 
and 32.6 cm/s. The slugging phenomenon is observed in figure 42 for R-CG. 
Heterogeneous morphologies such as those presented for flat-like and fibrous biomasses 
favored slugging even when they are classified as B or D particles in the Geldart´s 
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influenced by the ratio between the internal diameter of the fluidization chamber and the 
particle size diameter, and the bed height, it is a phenomenon especially present in pilot 
units. Slugging is usually of little relevance in industrial-scale fluidized beds and 
therefore, so far no conclusive study has been conducted on the influence of particle 
shapes on slugging behavior. Nevertheless, some theory let infer that strong cohesive 
forces between particles (such as in fine powders) and tangled structures (such as in 
fibrous particles) favor this phenomenon [35].  
 
Figure 41. Fluidization curves of the biomasses which exhibited slugging. 
 
Figure 42. Slug formed during fluidization of R-CG particles. 
6.2 Biomass-sand fluidization 
Biomass fluidization may be enhanced or enabled by adding a bed material able to slip in 
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decreasing the minimum fluidization velocity [179]. For the second set of fluidization 
experiments, silica sand with a mean particle size of 200 µm, bulk density of 1 400 kg/m3, 
particle density of 2 600 kg/m3  (Geldart B type particle) and mean sphericity of 0.81 was 
used as bed material. According to Basu [10], for gasification process in a CFB-plant, the 
mean particle diameter of the bed material is usually in the range between 100 and 300 
µm. The PSD of the bed material shown in figure 43 was guaranteed for all experiments. 
 
Figure 43. Particle Size Distribution of the silica sand used as bed material. Mean particle size of 
200 µm. 
Figure 44 shows the total pressure drop in a bed of 2 000 g of silica sand and its height as 
the superficial gas velocity is increased. As expected, fixed bed regime is characterized by 
a linear increment of the pressure drop with increasing the velocity. First bubbles at the 
bed surface appeared at 2.3 cm/s. From this point on, the pressure drop tends to stabilize 
around 15.8 mbar. The minimum fluidization velocity of the silica sand turns to be 2.6 
cm/s calculated as the interception between the linear projections of fixed bed and 
complete fluidized state lines. The fluidization development of the bed material is shown 
in figure 45; below 2.3 cm/s a fixed bed with a height of about 12.5 cm is observed (fixed 
bed), hereafter the higher the air velocity the higher the bed height (bed expansion), and 
at an air velocity of 11.6 cm/s, bubbles grow and rise through the bed and vigorous 
explosion of large bubbles in the surface are observed (bubbling fluidization). A 
maximum bed height of 15.5 cm was registered while the splash zone reached a 
maximum of 27 cm, for a gas velocity of 11.6 cm/s. It can be concluded that the sand used 
as bed material exhibits the typical behavior expected for B type particles, according to 
Geldart´s classification.   
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Figure 44. Fluidization curve for the silica sand used as bed material in the experiments. 
    
Figure 45. Fluidization behavior of the sand used as bed material at 1.2 – 2.3 – 4.7 and 11.6 
cm/s respectively. 
After the fluid-dynamic characterization of the silica sand was completed, biomass-sand 
mixtures of 3 %, 5 %, 7 % and 10 % of biomass in weight were tested. Those fraction 
were proposed since mass fractions below 15 % are constantly reported in the literature 
[180], [181]. All investigated binary mixture had a total mass of 2 000 g. A total of 52 
mixtures were studied considering that for both, oil palm fiber and rachis samples, only 
mixtures of 3 % and 5 % were tested due to the very low bulk densities of these 
biomasses. Table 17 summarizes all the mixtures under study; the volume fraction of the 
biomass in the bed is reported as well.         
Table 17. Weight and volume fractions of the biomasses in the binary mixtures under study. 
Biomass sample  
Weight fraction of biomass in mixture / % 
3 5 7 10 
Volume fraction of biomass in mixture / % 
S-AR 6.0 9.7 13.4 18.6 
S-G 5.1 8.3 11.5 16.1 
F-CG 46.7 59.9 - - 
F-FG 15.9 24.3 - - 
R-CG 51.9 64.7 - - 
R-FG 28.4 40.3 - - 
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B-CG 33.5 46.1 55.0 64.4 
B-FG 19.8 29.6 37.5 47.0 
T-CG 25.7 37.1 45.7 55.4 
T-FG 18.1 27.3 34.9 44.2 
RH-AR 19.7 29.4 37.4 46.8 
RH-G 11.4 18.0 23.9 31.7 
CH-AR 15.4 23.7 30.7 39.6 
CH-G 11.0 17.4 23.1 30.8 
PL-AR 6.5 10.6 14.4 19.9 
Five different phenomena were observed during experiments: bubbling, segregation, 
channeling, jetting and slugging. The mixtures were classified upon these dominant 
behaviors and analysis was carried out by groups. 
6.2.1 Bubbling fluidization 
In contrast to unitary particle beds, the minimum fluidization velocity of binary, wide 
dispersed particle systems is replaced by the initial fluidization velocity, Uif and the full or 
complete fluidization velocity, Uff. They define a velocity range of partial or transient 
fluidization where the bed self-segregates into a lower region that behaves as a static bed 
and a fluidized zone in the upper region of the bed [182]. This boundary is called the 
(de)fluidization front [183] and disappears as the superficial gas velocity is increased 
beyond Uff. Analogously to the method presented for silica sand and pure biomasses, the 
minimum fluidization velocity is estimated as the intersection between the linear 
approximation of the pressure curve in the fixed bed and the complete fluidized states.   
Table 18 shows the characteristic velocity and the total pressure drop reached at 
minimum fluidization for each of the 27 mixtures that exhibited bubbling fluidization. 
Due to the capacity of the compressor used, it was not possible to measure Uff for F-FG 
5%, B-FG 7%, T-FG 3%, T-FG 5% and CH-AR 3%; for those cases, the Umf reported in table 
18 and marked with * corresponds to Uif. 
Table 18. Initial, complete and minimum fluidization velocities and the total pressure drop at 
minimum fluidization for the mixtures showing bubbling behavior. 
Mixture Uif / cm/s Umf / cm/s Uff / cm/s Δpmf / mbar 
S-AR 3% 3.2 3.44 7.0 16.03 
S-AR 5% 3.2 3.21 9.3 15.87 
S-AR 7% 2.9 3.25 9.3 16.35 
S-AR 10% 3.2 3.32 8.2 15.32 
S-G 3% 3.2 3.27 7.0 16.07 
S-G 5% 2.6 2.81 8.2 16.31 
S-G 7% 2.9 3.27 8.2 16.04 
S-G 10% 3.2 3.54 9.3 16.24 
F-FG 3% 3.5 3.66 9.3 15.36 
F-FG 5% 4.1 4.10* >11.6 16.48 
B-FG 3% 3.5 3.79 9.3 15.77 
B-FG 5% 4.7 4.73 9.3 16.12 
B-FG 7% 5.8 5.80* >11.6 14.86 
T-FG 3% 3.5 3.50 >11.6 14.35 
T-FG 5% 3.2 3.20* >11.6 11.17 
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RH-AR 3% 2.6 3.88 10.5 16.35 
RH-AR 5% 3.2 4.07 10.5 16.54 
RH-G 3% 2.9 3.53 8.2 16.16 
RH-G 5% 4.1 4.16 10.5 16.24 
RH-G 7% 3.5 3.58 10.5 16.35 
CH-AR 3% 3.2 3.20* >11.6 14.42 
CH-G 3% 3.2 3.24 10.5 14.92 
CH-G 5% 2.9 2.94 10.5 15.72 
PL-AR 3% 3.2 3.39 7.0 16.14 
PL-AR 5% 2.6 2.89 5.8 16.05 
PL-AR 7% 2.9 2.98 7.0 15.98 
PL-AR 10% 3.5 3.47 8.2 16.00 
Complete fluidization was achieved and the minimum fluidization velocity was clearly 
identifiable for most of the mixtures. In general, observations are very similar to those 
described for the bed of sand. The minimum fluidization velocities of the mixtures were 
higher in all cases in comparison with the pure bed material. The total pressure drop at 
minimum fluidization is in turn kept very similar to the one measured for the bed 
material, which is due to the fact that the total weight of the all samples were the same. 
Oil palm shell and poultry litter mixtures showed the best fluidization qualities even for 
the highest biomass concentrations studied. A regular bubbling behavior and an excellent 
mixing of the bed were observed for those samples. In fact, a good fluidization behavior 
could be expected for biomass concentrations beyond 10 %. Figure 46 shows the 
fluidization curves of S-AR at different biomass concentrations; even though for S-AR 7% 
a wide transient fluidization is observed, the pressure drop stabilizes around 9.3 cm/s as 
for the other cases. Figure 47 shows the fluidization curves of PL-AR exhibiting high 
stability even for the transient fluidization zone. 
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Figure 47. Fluidization curves of PL-AR mixtures at different weight fractions. 
The influence of the particle size reduction may be analyzed by comparing the 
fluidization curves of the mixtures of rice husk, as received and ground, at 5 % (figure 
48). While the total pressure difference of RH-G 5% (mean particle size of 395 µm) stays 
almost constant after reaching the initial fluidization velocity at 4.1 cm/s, the pressure 
drop of RH-AR 5% (mean particle size of 1 040 µm) shows a steady increment after 3.2 
cm/s until the transient fluidization state is overcome at 10.5 cm/s, after that both curves 
are very close to each other. The fluidization behavior of RH-AR 5% and RH-G 5% 
mixtures are presented in figures 49 and 50, respectively. Similar conclusions could be 
drawn from the behavior of CH-AR 3% and CH-G 3%, as presented in appendix C. 
 
Figure 48. Fluidization curves of RH-AR 5% and RH-G 5%, showing the influence of the particle 
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Figure 49. Fluidization behavior of the RH-AR 5% mixture at 1.2 – 4.1 – 8.2 and 11.6 cm/s, 
respectively. 
    
Figure 50. Fluidization behavior of the RH-G 5% mixture at 1.2 – 4.1 – 8.2 and 11.6 cm/s, 
respectively. 
Regarding particle size differences, it can be deduced that a smaller size of the particles 
means dimensionless numbers closer to those of the sand, this is, a fluid-dynamic 
behavior similar to the sand. Also, smaller size particles means, as mentioned before, 
larger sphericities and this give more homogeneous or regular behavior during 
fluidization.  
Complete fluidization was not achieved for F-FG 5%, B-FG 7%, T-FG 5% and CH-AR 3%. 
The highest velocity used during experimentation seemed not to overcome final 
fluidization velocity of these samples. As observed in figure 51, the total pressure drop 
through the bed did not stabilize even at 11.6 cm/s. For these mixtures, it was observed 
that a part of the bed (the upper third approximately) is fluidized while the bottom 
remains motionless. Therefore, superficial gas velocities higher than 11.6 cm/s are 
needed for these mixtures in order to identify their final fluidization velocity. 
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Figure 51. Fluidization and bed height increment of F-FG 5% where transient fluidization is 
observed even for the higher velocity here studied. 
A peculiar performance was observed during fluidization of T-FG 3% (figure 52). The 
pressure difference through the fixed bed increases linearly with respect to the 
superficial gas velocity until 3.5 cm/s, then transient fluidization starts with a partial 
stabilization of the pressure drop around 14.5 mbar. At 9.3 cm/s a third part of the bed 
vigorously bubbles and little channels appear at the bottom of the bed near the walls of 
the chamber. The presence of those channels is reflected in a continuous decrease of the 
total pressure drop from 15.2 mbar to 10.9 mbar. Experiments with higher superficial gas 
velocities are required in order to know if a stable fluidization is possible. 
 
Figure 52. Fluidization curve of T-FG 3% showing appearance of channels in the bottom section 
of the bed at 9.3 cm/s. 
Multiple studies have been carried out in order to propose a general correlation that 
allows predicting the minimum fluidization velocity of binary systems based on the 
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pressure drop principles, but some others are derived from dimensional analysis and 
drag forces principles [38].  
6.2.1.1 Correlations based on pressure drop principles 
In the present work, all the correlations based on pressure drop principles compiled by 
Basu [38] were tested on their ability to predict the minimum fluidization velocity found 
experimentally for the silica sand. Those that presented the lower relative error between 
the predicted minimum fluidization velocities using equation 17 and the experimental 
minimum fluidization velocity of silica sand were previously presented in table 3 and 
now analyzed. Results are shown in detail in table 19 were the particle Reynolds number 
of silica sand at minimum fluidization and the predictions made by the correlations 
proposed by different authors [37], [38], [40]–[42] are listed. Air density and viscosity of 
0.8878 kg/m3 and 1.83 x 10-5 Pa s, respectively, were used (taking into account the 
environmental conditions of Bogotá D.C.).  
Table 19. Comparison of experimental Remf for the silica sand with five different correlations 
found in the literature. 
Silica sand Remf predicted for silica sand by … 
Archimedes 
number / 1 
Experimental 














542.53 0.2527 0.33 0.41 0.40 0.27 0.25 
In order to probe the suitability of the correlations previously presented for biomass-
sand mixtures, the effective particle density and diameter of each binary system were 















where xb and xs are the weight percentage, and ρb and ρs the particle densities of biomass 
and sand, respectively. The mixture is treated as a new single component, and the 




3 𝜌𝑓(𝜌𝑒𝑓𝑓 − 𝜌𝑓)𝑔
µ𝑓2
 (45) 
Minimum fluidization velocities obtained from experiments and those predicted by the 
correlations are plotted together in figures 53 to 56 depending on the concentration of 
the biomass in each mixture, 3 %, 5 %, 7 % and 10 %, respectively. In all the cases, the 
Reynolds number at minimum fluidization of sand is plotted as reference; its value suits 
well with the prediction of Reina et al [42].  
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Figure 53. Comparison between experimental (markers) and predicted (lines) values of Remf for 
binary mixtures at 3 % w/w of biomass in sand. Correlations were listed in table 3. 
 
Figure 54. Comparison between experimental (markers) and predicted (lines) values of Remf by 
correlations of table 3 for binary mixtures at 5 % w/w of biomass in sand. 
At 3 % w/w, experimental results are within the limits formed by Grace [40] and Chyang 
and Huang [41], and contiguous to the line demarcated by the correlation of Wen and Yu 
[37]. A further increase of the biomass concentration in the mixtures (5 % and 7 %) 
causes S-AR, S-G, T-FG and PL-AR to be closer to the values predicted by Chyang and 
Huang [41] and Reina et al. [42]. The largest deviation is observed for B-FG 7% as shown 
in figure 55 where no correlation allows a proper estimation. This condition can be 
explained by looking at the biomass volume fraction of this mixture (table 17), which is 
37.5 %. Some results in the literature indicate that biomass volume fractions in mixture 
above 35.0 % might cause a sudden and sharp increase in the minimum fluidization 
velocity of the mixture [186]. This deviation can also be influenced by the fact that this 
mixture presented a bed aspect ratio (H/D) of 1.4, far from the others mixtures, between 
0.88 and 1.20. At 10 % the correlation of Wen and Yu [37] provides the best result for PL-
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AR while Chyang and Huang [41] and Reina et al. [42] still works well for S-AR and S-G 
mixtures.  
Regarding the biomass concentration in the mixture, a mean relative error of 6.9 % was 
found using the correlation of Wen and Yu [37] for a biomass concentration of 3 %. The 
correlation of Chyang and Huang [41] provides the lower relative errors 16.8 %, 14.9 % 
and 10.4 % for a biomass concentration of 5 %, 7 % and 10 %, respectively. Global results 
shown in appendix D also indicate that the correlation proposed by Chyang and Huang 
[41] provides the best approximation for the experimental data measured in the present 
work with a mean relative error of 14.5 %. 
 
Figure 55. Comparison between experimental (markers) and predicted (lines) values of Remf by 
correlations of table 3 for binary mixtures at 7 % w/w of biomass in sand. 
 
Figure 56. Comparison between experimental (markers) and predicted (lines) values of Remf by 
correlations of table 3 for binary mixtures at 10 % w/w of biomass in sand. 
This study also indicates that the minimum fluidization velocity of the mixtures can be 
satisfactorily predicted with a mean relative error below 10 %, lower than in other 
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studies [187], by properly identifying the most suitable correlation for the specific group 
of the Geldart´s particle classification corresponding to each biomass. In this regard, the 
correlation proposed by Wen and Yu [37] agrees with the observation for B type particles 
with a mean relative error of 8.7 % and, D type particles correlates well with the 
prediction of Chyang and Huang [41] whose error is 6.2 %. The correlation proposed by 
Grace [40] fit for finer AB type particles, as expected, with a relative error of 6.8% (figure 
57). Finally, the one proposed by Basu [38] tries to capture the behavior of B-FG 7% but it 
is not accurate enough (mean relative error of 18.4 %). From these results, it is observed 
that relative errors above 20 % could be expected if the wrong correlation is used as 
estimator of the minimum fluidization velocity of binary mixtures.  
 
Figure 57. Relative errors between experimental and predicted minimum fluidization velocities 
using correlations based on pressure drop principles and classifying their suitability according 
to the Geldart´s particle classification of the biomass samples under study. 
A further analysis was made testing the modified correlation (equation 46) based on 
pressure drop principles deduced by Basu et al. [185]. In that work, the authors 
performed the fluidization of binary mixtures of biomass (corn cobs and walnut shells) 
and sand particles for biomass weight percentages ranging from 10 % to 90 % [185].  
Equation 46 stands out in the literature since it allows estimating the Reynolds number 
at minimum fluidization as a function of the effective Archimedes number and the weight 
fraction of the biomass in the mixture, explicitly. 
𝑅𝑒𝑚𝑓 = {30.28
2 + [0.046(1 − 𝑥𝑏) + 0.108𝑥
1 2⁄ ]𝐴𝑟}1 2⁄ − 30.28 (46) 
Nevertheless, the predicted values calculated using equation 46 do not fit the 
experimental data of the present work. In fact, mean relative errors of 47.8 %, 30.3 %, 
17.9 % and 15.7 % were obtained for the four biomass fractions here studied, 3 %, 5 %, 7 
% and 10 %, respectively. This is, the model does not accurately resemble the 
experimental results of the present work; only for S-G 5%, S-AR 7%, S-G 7% and PL-AR 
10%, relative errors below 10 % were measured. 
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6.2.1.2 Correlation based on dimensional analysis 
An alternative methodology to predict the minimum fluidization velocity of binary 
systems was proposed by Rao and Bheemarasetti [180] who studied the fluidization of 
mixtures of rice husk, sawdust and groundnut shell powder (between 2 and 15 % by 
weight) with sands of different sizes and densities. This methodology was developed by 
defining the effective density of the mixture and its effective particle diameter through an 
empirical correlation (equation 48), and modifying a standard equation (valid for Re < 























     ;     𝑅𝑒 < 20 
(49) 
The effective particle diameter of each mixture (deff) was determined using the 
experimental measured values of Umf and the effective density in equation 49. The 
empirical factor k’ was then calculated for each mixture by replacing the values present 
in equation 48. Since it is not practical to have a k’ for each material under study, a 
nonlinear regression is applied to find a global empirical factor k’ that minimizes the 
relative errors between the experimental minimum fluidization velocities and those 
predicted using this methodology. 
Rao and Bheemarasetti [180] showed that their results correlate quite satisfactorily with 
their experiments since relative error below 15 % for most mixtures up to 10 % w/w of 
biomass were obtained using this approach. However, higher deviations were observed 
for biomass concentrations of 15 % w/w. This methodology also suits well the 
experimental results of Pilar Aznar et al. [188][186] who studied the fluidization of 
sawdust particles employing silica sand of different sizes as bed materials. Rao and 
Bheemarasetti [180] obtained relative errors below 20 % for mixtures up to 15 % in 
weight of biomass using Aznar´s experimental data. In fact, it was found that k’ increases 
proportionally to the particle size of the bed material as shown in equation 50. 
𝑘′ = 20𝑑𝑠 + 0.36 (50) 
Motivated by those findings, experimental results obtained in the present work were 
compared with the minimum fluidization velocities predicted through the methodology 
of Rao and Bheemarasetti [180]. An empirical factor of 0.812 was obtained, relatively 
close to the 0.760 (figure 58) predicted by equation 50. In general a large dispersion was 
found in most cases as presented in figure 59 where the experimental and predicted 
values of Umf are shown. Only 9 out of 27 mixtures presented a relative error below 10 %: 
S-AR 3%, S-G 3%, CH-AR 3%, CH-G 3%, T-FG 5%, PL-AR 5%, RH-G 7%, PL-AR 7% and PL-
AR 10%. Detailed results are presented in appendix E. Results let infer in accordance with 
the literature [180], that the higher is the biomass concentration in the mixtures, the 
higher is the mean relative errors between the predicted and experimental minimum 
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fluidization velocities: 11.4 %, 18.6 %, 21.1 % and 36.3 %, for concentrations of 3 %, 5 %, 
7 %, and 10%, respectively. Therefore, this methodology is only recommended for binary 
mixtures with a biomass concentration in weight up to 3 %. 
 
Figure 58. Comparison of the empirical factor k’ among three different studies as a function of 
sand particle size. 
 
Figure 59. Experimental and predicted minimum fluidization velocities using the methodology 
proposed by Rao and Bheemarasetti [180]. 
6.2.2 Segregation 
Investigating the particle segregation phenomena in fluidized bed reactors for 
thermochemical applications becomes important in order to determine the operating 
conditions required to promote bed mixing and eliminate or minimize particle 
segregation [35]. This phenomenon may occur when particles of wide size distributions, 
different sizes or different densities are handled in the same bed. The segregation pattern 
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competing mechanisms [35] where one component tends to rise, the flotsam, and the 
other tends to sink, the jetsam [189]. 
Qualitative analysis may be done by classifying the type of segregation observed during 
the fluidization of binary systems. Nevertheless, quantitative analysis and general 
understanding of the mechanism controlling fluidized bed segregation are still very poor; 
most of the experimental and modeling results found in literature, are carried out only 
with spherical particles [190]–[195]. In this regard, the present work aims a qualitative 
description of this behavior for the mixtures exhibiting segregation, from three different 
approaches, as explained below. 
First, four general rules to predict the behavior of a component as flotsam or jetsam were 
suggested by Nienow and Cheesman [57] and Chiba et al. [195] as a function of the 
particle size ratio between the phases, the bulk density and the sphericity of the smaller 
component and the particle density of both materials (table 20).  
Table 20. Variables affecting segregation behavior [197]. 
Case I.          𝒅𝑩 𝒅𝑺 ≤ 𝟏𝟎⁄  
Ia 𝜌𝑏 = 𝜌𝑆 Jetsam = bigger component 
Ib 𝜌𝑏 ≠ 𝜌𝑆 Jetsam = heavier component 
Case II.          𝒅𝑩 ≫ 𝒅𝑺 and bed material → 𝟏𝟎𝟎% smaller component 
IIa 𝜌𝑏 > 𝜌𝐵𝑆 Jetsam = bigger component 
IIb 𝜌𝑏 < 𝜌𝐵𝑆 Jetsam = smaller component 
Case III.          𝒅𝑩 ≫ 𝒅𝑺 and bed material → 𝟏𝟎𝟎% bigger component 
IIIa 𝜌𝑏 > 𝜌𝑆 Jetsam = bigger component 
IIIb 𝜌𝑏 < 𝜌𝑆 Jetsam = either component may be jetsam 
Case IV.          The minor component is flake or plate-like with 𝜱 < 0.5  
IVa Minor component is denser Jetsam = flake or plate-like component 
IVb Minor component is lighter Jetsam = either component may be jetsam 
Second, multiple experimental results presented by Rao et al. [198] show that fluidized 
binary mixtures composed by spherical particles exhibit differentiated pressure drop 
profiles and segregation patterns, that may be explained through the level of disparity in 
size (dr) and density (ρr) and the ratio between the minimum fluidization velocity (Ur) of 
the jetsam and the flotsam component. This theory is supported by the fact that the 
pressure drop profile in a bed is related to the mixing/segregation state and to the 
amount of fluidization of the bed defined through the segregation index or feed 
composition of the jetsam by weight (equation 51) [190]. 
𝑆𝑖 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑗𝑒𝑡𝑠𝑎𝑚
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑗𝑒𝑡𝑠𝑎𝑚 + 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑙𝑜𝑡𝑠𝑎𝑚
 (51) 
When the gas velocity is gradually increased (fluidization) or decreased (defluidization), 
different paths of the total bed pressure may be obtained if one component is 
considerably bigger and denser [190], and depending on weather the initial state was 
well-mixed, partial or totally segregated [199]. Seven different types of mixtures are 
identified by Rao et al. [198]. Those applicable to the present thesis are explained below:  
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➢ Type A mixtures: very large particle size ratio (dr > 4.5; Ur > 8.0). 
When a type A mixture is fluidized starting from a totally segregated bed state, the 
development of its fluidization curve is characterized by a linear dependency 
between the pressure drop across the bed and the superficial gas velocity, but 
with two distinct scopes during the partial fluidization zone. Before this inflection 
point, the flotsam component is fluidized while the jetsam remains in a fixed bed 
state. As the superficial gas velocity is further increased, the jetsam component 
starts to be fluidized until a point is reached where both phases are completely 
fluidized. The minimum fluidization velocity of the mixture would be slightly 
higher than the minimum fluidization velocity of the jetsam alone. 
By contrast, multiple peaks may be observed in the fluidization curve when 
mixtures type A are fluidized from an initial well-mixed state. This behavior 
characterizes the phenomenon called entrapment, in which the bed is fluidized by 
stages. At a certain velocity, only the upper flotsam layer is fluidized and the 
jetsam falls back entrapping another layer of flotsam and demarcating a first 
pressure peak. As the gas velocity is further increased the total pressure drop 
increases again until a second layer of flotsam escapes and causes a second peak 
in the fluidization curve. Eventually, the phenomenon repeatedly occurs until the 
entire amount of the jetsam component fluidizes.  
 
➢ Type B mixtures: significant level of disparity in particle size and density (ρr > 3.0 
or 3.3 < dr < 4.5; 4.2 < Ur < 8.0). 
The development of the fluidization curve for mixtures type B is very similar to 
those of type A, for both well-mixed and totally segregated states. However, for 
type B mixtures the mixing quality improves, i.e. the segregation index decreases 
as the gas velocity increases, rather than exhibiting a minimum, as it would occur 
for type A mixtures.   
 
➢ Type D mixtures: minimal disparity in particle size and density (1.0 < ρr < 2.0 or 
1.0 < dr < 2.0; 1.0 < Ur < 2.5). 
Due to the intermediate disparity between properties of the two components, 
these mixtures behave more like single-component beds and fluidize at a well-
defined velocity when starting from either of both, totally segregated or well-
mixed state.   
 
➢ Type E mixtures: smaller, denser component as jetsam (ρr > 2.0 and dr < 1.0). 
Large density and small size differences between jetsam and flotsam components 
promote that the smaller and denser component behaves as jetsam. Mixing is 
improved as the superficial gas velocity increases for type E mixtures. In addition, 
the fluidization curve might show multiple pressure peaks or a single peak 
depending on the disparity level of Ur.   
Finally, considering a bubbling fully mixed binary bed composed by a larger and less 
dense material and a smaller and denser one, four different segregation directions might 
be expected, as presented in the Particle Segregation Model (PSM) described by Maio et 
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al. [200] and shown in figure 60. There, the denser component behaves as jetsam for 
cases A and B and the less dense component behaves as jetsam for cases C and D. Bubbles 
are observed in the larger component for cases A and D while bubbles appear in the 
smaller component for cases B and D.  
 
Figure 60. Possible segregation directions and bubbling behavior in a segregated binary bed 
Table 21 summarizes the qualitative features of the 9 mixtures that exhibited segregation 
during their fluidization. This table includes: (i) whether the biomass behaved as flotsam 
or jetsam and the case, according to table 20, that explains this behavior, (ii) the density 
ratio between jetsam and flotsam components, (iii) the particle size ratio between jetsam 
and flotsam components, (iv) the type of mixture according to the theory presented by 
Rao et al. [198], ignoring the conditions established by the ratio between the minimum 
fluidization velocity of the jetsam and flotsam component individually, Ur (since it was 
not possible to identify a minimum fluidization velocity for most of the biomasses as 
presented in section 6.1), and (v) the bubbling development according to figure 60.  
Table 21. Mixtures that exhibited segregation and their main characteristics. 
Mixture 
Biomass as 
… and case 





B-CG 3% Jetsam - IVb 0.22 4.44 B C 
R-CG 5% Flotsam - Ib 2.42 0.28 E Unable to fluidize 
T-CG 5% Flotsam - Ib 3.93 0.22 E B 
RH-AR 7% Jetsam - IVb 0.42 5.20 A C 
T-CG 10% Flotsam - Ib 3.93 0.22 E Unable to fluidize 
RH-AR 10% Flotsam - Ib 2.38 0.19 E Unable to fluidize 
RH-G 10% Jetsam - IVb 0.49 1.98 D C 
CH-AR 10% Jetsam - IVb 0.49 7.90 A Unable to fluidize 
CH-G 10% Jetsam - IVb 0.50 5.16 A C 
In the present work, only the fluidized method (gas velocity increment) was used for all 
the mixtures and a well-mixed initial arrangement of the components (biomass and sand) 
was possible to set for most of the cases. Only T-CG 5% - 10% experiment initiated with a 
partially mixed bed and R-CG 5% experiments with a totally segregated bed, this was due 
to the widely dispersed PSD and significant amount of coarse particles in these samples, 
as well as low bulk densities and sphericities. 
Biomass in B-CG 3%, RH-AR 7%, RH-G 10% and CH-G 10% mixtures behaved as jetsam 
during the experiments. The fluidization front appeared in all cases. At this point, 
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biomass particles migrated to the bottom and sand migrated to the top of the bed (figure 
61). A sudden decrease in the pressure drop profile or a change in the slope in the 
fluidization curve characterized this behavior, as presented in figure 62 and appendix C. 
The fluidization front moved almost instantaneously to the top and the bed surface 
started to bubble. Subsequently, as the gas velocity was increased, the fluidization front 
migrated downwards causing the partial fluidization of the bed. Some biomass particles 
were observed at the bed surface due to the entrainment of particles in the wake of the 
rising bubbles [35]. Nevertheless, higher fluidization velocities must be studied in order 
to reach the final fluidization velocity for all the cases. The final fluidization velocity of 
these mixtures is higher than 11.6 cm/s since even at this velocity some fraction of 
biomass remains motionless at the bottom of the bed. Observations agree with the top 
fluidization pattern model described by Formisani et al. [192] and the development of the 
pressure profile in the fluidization curve with the theory presented for totally segregated 
mixtures type A, B and D.  
                
Figure 61. Moment when the fluidization front appears and delimits the fixed and partial 
fluidized bed state for B-CG 3% (4.7 cm/s), RH-AR 7% (5.8 cm/s), RH-G 10% (4.7 cm/s) and CH-
G 10% (8.2 cm/s). 
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Although biomass in CH-AR 10% behaved as jetsam, this mixture was unable to be 
fluidized at the highest velocity possible for the experiment and it did not even exhibit a 
well-defined fluidization front at any moment. However, it was observed that sand 
migrated upward and a fine layer was formed at the bed surface. At 3.5 cm/s and 8.2 
cm/s different slopes in the pressure drop profile in the fluidization curve were observed 
corresponding to different stages of the partial fluidization of the sand at the surface. This 
behavior could be a feeble appearance of a totally segregated type A mixture. 
R-CG 5%, T-CG 5%, T-CG 10% and RH-AR 10% mixtures (table 21) behaved as flotsam. 
Clear separation between the components was observed for all the cases, as presented in 
figure 63. R-CG 5%, T-CG 10% and RH-AR 10% were unable to be fluidized with the 
velocities set during experimentation (up to 11.6 cm/s). Smooth changes in the slope of 
the pressure drop curve were observed for these cases as the sand migrated upwards 
partially covering the biomass located at the top.   
                
Figure 63. Mixtures in which biomass behaved as flotsam:  R-CG 5%, T-CG 5%, T-CG 10% and 
RH-AR 10%, respectively. 
Figure 64 shows the progress of the pressure drop curve during the fluidization of T-CG 
5%. Two pressure peaks are observed at 4.1 and 7.0 cm/s, corresponding to the partial 
fluidization of the bed material under the entrapment fluidization mechanism. Here, the 
bed was partially fluidized by stages in correspondence to the expected behavior for 
partially-mixed type E mixtures, in which the number of peaks observed in the pressure 
drop profile corresponds to the number of escaping flotsam layers [198].  
Finally, it is important to underline the differences in the development of the pressure 
drop for mixtures exhibiting bubbling and segregation. For instance, figure 65 shows the 
fluidization curves of RH-AR 5% (bubbling) and RH-AR 7% (segregation). Lower 
pressure drops were measured for RH-AR 7% (in relation to RH-AR 5%) where a fraction 
of the biomass settled at the bottom and only a third part of the bed exhibited good 
mixing and bubbling conditions when using the highest superficial gas velocity here 
studied. A sudden decrease of the pressure drop was also observed for RH-AR 7% at 4.7 
cm/s where the fluidization front appeared. A clearer example is shown in figure 66 
where the fluidization curves of CH-AR 3% (bubbling) and CH-AR 10% are presented 
(segregation). Once again, a lower pressure drop was obtained for the mixture that 
exhibited segregation and a partial stabilization of the pressure was measured around 4 
mbar when totally segregated bed conditions were accomplished and a small fraction of 
the sand located at the top of the bed started to bubble. The fluidization curves and the 
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developments of the fluidization of all the mixtures that exhibited segregation are 
available in appendix C.  
 
Figure 64. Fluidization curve and bed expansion of T-CG 5% mixture. 
 
Figure 65. Comparison between the fluidization curves of RH-AR 5% and RH-AR 7% which 
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Figure 66. Comparison between the fluidization curves of CH-AR 3% and CH-AR 10% which 
exhibited bubbling fluidization and segregation, respectively. 
6.2.3 Channeling and jetting 
Table 22 summarizes the 12 mixtures that exhibited channeling and/or jetting during 
fluidization and the velocities and pressures at which those phenomena appeared. The 
bubbling velocity is also listed and corresponds to the velocity at which first bubbles in 
the surface of the bed erupted. F-CG 5%, CH-AR 5%, T-CG 7% exhibited jetting at 7.0, 1.5 
and 8.2 cm/s but no channeling, while T-FG 10% exhibited only channeling at 4.7 cm/s. 
Due to the fact that channeling and jetting are promoted by large instabilities inside the 
bed, channels and jets may constantly appear and disappear, especially during 
fluidization of R-CG 3%, R-FG 5% and T-FG 7%. For instance, channeling observed in R-
CG 3% at 5.8 cm/s disappeared at 8.2 cm/s but formed again at 11.6 cm/s. In general, 
bubbling velocities of all mixtures were less than or equal to the velocities observed for 
channeling and jetting. At 5.8 cm/s bubbling and segregation were observed 
simultaneously for CH-AR 5% with the biomass behaving as jetsam and remaining still 
while the sand at the top of the bed vigorously bubbled exhibiting a bubbling 
development type C (as seen in figure 60).        
Table 22. Fluidization characteristics of the mixtures exhibiting channeling and/or jetting 
during fluidization. 
Mixture 
Bubbling Channeling Jetting 
UB / cm/s Uc / cm/s Δp / mbar UJ / cm/s Δp / mbar 
R-CG 3% 3.2 5.8 – 11.6 9.05 – 9.72 9.3 9.78 
R-FG 3% 1.7 4.7 11.57 5.8 7.53 
T-CG 3% 4.1 5.8 12.85 5.8 12.85 
F-CG 5% 4.1 - - 7.0 7.93 
R-FG 5% 3.5 10.5 6.95 4.7 – 10.5   5.37 – 6.95 
CH-AR 5% 1.5 – 5.8 - - 1.5  4.60  
B-CG 7% 9.3 10.5 11.85 10.5 11.85 
T-CG 7% 5.8 - - 8.2 9.91 
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CH-AR 7% 4.7 4.7 11.57 8.2 6.71 
B-CG 10% 4.1 8.2 9.41 9.3 6.78 
T-FG 10% 4.7 4.7 8.77 - - 
Channeling was characterized by the formation of voids (figure 67) in the fixed or 
partially fluidized bed. The progress of the pressure drop during fluidization was 
dependent on the initial packaging state of the bed; for dense packaging mixtures, a 
sudden drop of the pressure drop was measured every time when a channel was formed. 
However, loose packaging mixtures may or not exhibit sudden decreases of the pressure 
drop when additional channels were formed, as shown in figure 68. In general, as the gas 
velocity was increased the channels increased their size and then collapsed. Fluidization 
was not achievable for most cases since most of the bed remains still (due to a preferable 
flow of the gas through the channels) or bubbles were formed in some regions of the 
surface bed. 
       
Figure 67. Channeling on R-CG 3%, R-FG 3% and CH-AR 7% at 5.8, 4.7 and 4.7 cm/s, 
respectively. 
 
Figure 68. Fluidization curves of T-CG 3% (dense packaging) and R-CG 3% (loose packaging). 
Jetting was characterized by the formation of axial elongated cavities through which 
appreciable elutriation of some particles was observed (figure 69). The formation of such 
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with the observations of Markhevka et al. [201]. The irregularities in the bed resulting 
from the difference between particle sizes, wide particle size distributions, density 
differences and low sphericities, are important parameters that promote jetting behavior 
[35]. Three flow regions can be identified during jetting fluidization: the jet formation 
zone, the jet channel zone and bubble eruption zone [202]. The jet formation zone, 
located immediately above the formed nozzle, is characterized by a large variation of the 
bed density, indicating extensive mixing and contacting between solids and gas [35]. 
Solids particles entrained into the jet formation zone move upwards along the jet channel 
zone due to the increment in the momentum of the gas stream. Once the bubbles reach 
the bed surface, they erupt defining the bubble eruption zone where particles are thrown 
into the semi-circular annulus zone where they move primarily downward, as shown in 
figure 70.     
       
Figure 69. Jets formed during fluidization of R-FG 3% (5.8 cm/s), F-CG 5% (11.6 cm/s) and CH-
AR 7% (11.6 cm/s). 
 
Figure 70. Solid circulation pattern and flow regions during jetting fluidization. 
Jetting may be important to promote granulation, agglomeration, induce solids mixing 
and circulation, and facilitate heat and mass transfer from one region of a fluidized bed to 
an adjacent region [35]. Characteristics of jets in fluidized beds such as jet momentum 
dissipation, jet potential core, jet penetration depth, jet half angle and gas velocity 
profiles in the jet, exceed the scope of the present work and were therefore not 
investigated in more depth. The fluidization curves and the behavior of the mixtures 
during jetting are presented in detail in appendix C. For instance, figure 71 shows the 
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fluidization curve of R-FG 3%. A sudden decrease in the pressure drop around 4.7 cm/s is 
observed due to the formation of a big channel in the bed. At 5.8 cm/s a jet appears 
throwing out particles into the freeboard. Pressure drop continuously increases until 
10.6 cm/s where the localized jet disappears and the bed is partially fluidized.   
 
Figure 71. Fluidization curve of R-FG 3% exhibiting the formation of a channel at 4.7 cm/s and a 
jet at 5.8 cm/s. 
6.2.4 Slugging 
A slugging bed is characterized by gas slags (pistons) of sizes close to the reactor 
diameter that rise at regular intervals, causing significant pressure fluctuations inside the 
reactor and dividing the bed into alternate dense and lean regions [35]. Slugging causes 
the deterioration of the fluidization quality reducing the ability of the system for mixing; 
minimizing gas-solid contacting. Slag may occur as axisymmetric round-nosed gas slugs 
where the solids flow down in the annular region close to the wall (type A), or square-
nosed gas slugs that occupy the complete bed cross section (type B) and where the 
movement of solids downwards is dominated by a raining effect through the slugs [35]. 
Slugging type A usually occurs with group A and B powders (from Geldart´s 
classification), while slugging type B is common for cohesive materials and particles of 
angular shapes where surface contact areas and friction coefficients between particles 
are much larger than for spherical-smooth particles [173].  
From the binary systems studies in the present work, four mixtures exhibited slugging 
type B during fluidization: F-CG 3%, B-CG 5%, CH-G 7% and B-FG 10%, as presented in 
figure 72. During these experiments, the entire bed material was lifted by the incoming 
gas (for F-CG 3% and B-FG 10%), or a part of the bed remained at the bottom of the 
fluidization chamber once slugs were formed (for B-CG 5% and CH-G 7%). These 
experiments were repeated and analogous results were obtained every time. 
Fluidization curves of mixtures showing slugging are presented in figure 73. As the 
airflow was increased, air percolated through the bed and the pressure drop across it 
increased as well. Due to the rough and irregular surface of the biomass particles, they 
tangled up forming a structure that can accommodate the sand inside and opposes to the 
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the structure stronger as the air flow velocity was increased; this inhibited the 
fluidization and the formation of bubbles. Since the strength of the tangled structure is 
proportional to the shear forces between particles, and this is at the same time 
proportional to the gas velocity [173], a certain point was reached at which both, the fluid 
drag force equaled the weight of the particles (minus its buoyancy) and, the forces 
between particles were significant, so that the bed could be lifted as a whole piece. 
Experiments were stopped once slugs were formed in order to avoid clogging the unit at 
the top.      
          
Figure 72. Slugs formed during F-CG 3% (7.0 cm/s), B-CG 5% (7.0 cm/s), CH-G 7% (5.8 cm/s) 
and B-FG 10% (8.2 cm/s) fluidization. 
 
Figure 73. Fluidization curves of biomasses that exhibited slugging. 
Using the definition of the effective particle diameter and the effective Archimedes 
number given by equations 44 and 45 respectively and calculating the Reynolds number 
as a function of the experimental velocities, the plot presented in Figure 74 can be drawn. 
It can be observed that at the velocity at which slugs occurred for F-CG 3%, B-CG 5%, CH-
G 7% and B-FG 10%, these mixtures are effectively located in the slugging regime of the 
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Figure 74. Flow regime map by Lee and Kim for the present experimental conditions. 
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7. THERMOCHEMICAL CHARACTERIZATION 
The thermochemical characterization of the biomasses included: (i) the determination of 
the moisture, volatile matter, ash and fixed carbon fraction, as fundamental items of the 
proximate analysis, (ii) the determination of carbon, hydrogen, nitrogen, sulfur and 
oxygen fractions, as part of the ultimate analysis, and (iii) the determination of lower and 
higher heating values.  
7.1 Methodology 
7.1.1 Proximate analysis 
 Moisture content (MC): the norm DIN 51718 [204] was applied; samples of 1.0 ± 0.1 g 
of particles with sizes below 1 mm were dried in a forced convection oven at 105 °C, until 
no difference in the mass was detected. The moisture content was calculated according to 
equation 20 (section 2.2.3). 
Ash content: by means of this test the content of mineral material in a solid fuel, 
remaining after complete combustion with oxygen at high temperature, is determined.  
The ash content was measured according to DIN 51719 [205], often used for solid fuels 
such as mineral coal, coke and lignite. Samples of 1.0 ± 0.1 g of particles with sizes below 
0.2 mm were used. They were heated from room conditions to 500 ± 10 °C in 60 min. 
Then, in a second heating step, samples were heated until 815 ± 10 °C and held at that 
temperature for at least 60 min. Each container used to carry out the test is made of 
porcelain guarantying a distribution test area not greater than 0.1 g/cm2. While the 
container cools at the end of the test, it must stand in a desiccator due to the hygroscopic 
character of the ash. The ash content is calculated as the mass ratio between the final 








Volatile matter content (VM): it was carried out according to the procedure indicated in 
the DIN 51720 [206], originally established for mineral coal, lignite and coke. Through 
this test the products from the decomposition of the organic matter contained in the solid 
material are quantified as it is subjected to a temperature of 900 °C in the absence of air. 
Samples of 1.0 ± 0.1 g of particles with sizes below 0.2 mm were used. The oven was 
preheated and stabilized at 900 °C before the samples were introduced. After 7 min they 
were removed from the oven, cooled for 3 min and introduced in a desiccator. The 
volatile matter content (water ash free basis) was calculated using equation 53 as a 
function of the final mass (mf), the initial mass (mi), the moisture content (MC) and the 
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Fixed carbon content (FC): it represents the remaining solid combustible residue after a 
biomass particle is heated and the volatile matter is expelled. It is determined by 
difference subtracting the percentages of moisture, volatile and ash contents as shown in 
equation 54. 
𝐹𝐶𝑤𝑎𝑓 = 100 − (𝑀𝐶 + 𝐴𝑠ℎ𝑤𝑓 + 𝑉𝑀𝑤𝑎𝑓) (54) 
7.1.2 Ultimate analysis 
The ultimate analysis of biomass involves determination of the elemental composition 
given by the weight fractions of carbon, hydrogen, nitrogen, sulfur and oxygen (estimated 
by difference). Ultimate analysis of the biomasses under study was performed in the 
elemental analyzer “vario MACRO cube” by Elementar (figure 75) [207]. This equipment 
is composed by 7 systems: the carousel, the ball valve, the furnace, the purge and the trap 
chromatography, the thermal conductivity detector (TCD), the gas control and the 
software (for data analysis and results reporting). Multiple samples may be placed 
simultaneously in the carousel. The ball valve controls the sample injection from the 
carousel into the furnace where a controlled combustion is achieved. Gas fractions are 
pumped into the SO2, H2O and CO2 adsorption columns. Direct detection of the N2 fraction 
is carried out and then, subsequently, desorption and detection of CO2, H2O and SO2 
fractions are made by the TCD and the gas control units. Results are presented in the user 
interface.  
 
Figure 75.Vario MACRO cube functional sketch. 
7.1.3 Calorific value 
The Higher Heating Value (HHV) was experimentally determined using a calorimeter and 
according to the DIN 51900 [208]. The sample was placed inside the bomb cell where it 
was subjected to an oxygen pressure of 30 ± 2 MPa. Then, the bomb was placed inside an 
adiabatic container full of water at homogeneous temperature and the ignition was 
started on using a spark-ignition system, controlled by an electric circuit. The 
temperature of the water was measured using a thermometer with a resolution of ± 0.5 
°C. The change in the energy of the system due to the combustion of the sample was 
determined through the change in the temperature of the water. Thus, HHV is 
determined as presented in equation 55. 
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𝐻𝐻𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =




Table 23 presents typical values obtained from the analysis of traditional solid fuels, 
these values come from multiple references, as summarized by Vassilev et al. [209]. Coal 
characterization is presented in table 23 as reference. The results from the 
thermochemical characterization of the biomasses under study in the present work are 
presented in table 24.  
Higher contents of volatile matter as well as oxygen and hydrogen contents are observed 
for biomass in comparison to coal. These are criteria for the highly reactive nature of 
biomass, which causes lower ignition temperatures, easier and rapid devolatilization and 
burning, and higher production of combustible gas and inorganic vapors [209]. 
Nevertheless, higher proportion of C-O and C-H bonds in biomass reduces its energy 
value due to the lower energy contained in those bounds in comparison to the C-C 
common in coal.  Only the higher heating values of lignite (16 000 kJ/kg) and sub-
bituminous coals (21 000 kJ/kg) are comparable to the values presented for biomass. 
Low values of C and fixed carbon in biomass have significant benefits for reducing CO2 
emissions. Also, lower SOx emissions, limited generation of fine particulates, less stable 
sulphates, deposit formation, agglomeration, slagging and corrosion during 
thermochemical conversion [209], are some of the advantages related to the low S 
content in biomass. Low ash content in biomass (except for rice husk and poultry litter) is 
great benefit for the reduction of operational costs concerning reactor maintenance and 
gas-cleaning technologies.         
Table 23. Mean and range values of proximate and ultimate analysis, and higher heating value 
of coal based on data found in the literature [209]. 
COAL 
Proximate analysis, wf Ultimate analysis, waf HHV 
wf MC Ash VM FC C H N S O 












Mean 5.5 19.8 30.8 43.9 78.2 5.2 1.3 1.7 13.6 25 000 
Lowest value 0.4 5.0 12.2 17.9 62.9 3.5 0.5 0.2 4.4 16 000 
Highest value 20.2 48.9 44.5 70.4 86.9 6.3 2.9 9.8 29.9 34 000 
Table 24. Thermochemical characterization including proximate analysis, ultimate analysis, 
lower heating value and higher heating value of the biomass under study, experimental values. 
Biomass 
Proximate analysis, wf Ultimate analysis, waf LHV  
wf 
HHV wf 
MC Ash VM FC1 C H N S O1 











/ kJ/kg / kJ/kg 
Oil palm 
shell 
8.6 1.9 82.0 16.1 54.46 7.90 0.81 0.17 36.66 20 882 22 562 
Oil palm 
fiber 
9.6 5.6 74.8 19.6 50.55 7.51 1.92 0.40 39.62 18 855 20 403 
Oil palm 7.5 7.1 74.9 18.0 51.45 7.86 1.68 0.35 38.67 19 074 20 663 






8.6 6.1 81.1 12.8 48.96 7.20 0.79 0.50 42.55 16 369 17 847 
Sugar 
cane top 
7.4 6.5 79.2 14.3 46.06 7.00 0.85 0.85 45.23 15 940 17 373 
Rice 
husk 
8.6 17.6 68.9 13.5 51.44 8.19 2.63 0.45 37.29 15 966 17 445 
Coffee 
husk 
8.7 1.2 82.9 15.9 48.55 7.23 1.65 0.34 42.23 14 240 15 797 
Poultry 
litter 
11.7 24.1 66.4 9.5 44.73 7.92 6.74 1.34 39.26 12 612 13 945 
Nomenclature: 
wf   Water free.   waf  Water-ash free.  1 Calculated by difference. 
Experimental values presented in table 24 indicate intrinsic moisture contents lower 
than 12 % for all the biomass under study. Low volatile material (68.9 % and 66.4 %) but 
high ash contents (17.6 % and 24.1 %) are characteristic of rice husk and poultry litter 
respectively, which partially explain their low calorific values and suggest great technical 
challenges for their thermochemical conversion. The highest and lowest carbon contents 
were measured for oil palm shell (54.46 %) and poultry litter (44.73 %), respectively.   
Besides the ash content, it is fundamental to know the ash composition of the biomasses 
in order to delimit the operation conditions at which they may be used in fluidized bed 
reactors. Eventually, efficient ash removal equipment might be required to reduce (i) 
agglomeration or adhesion of bed particles caused by flue ash melting, (ii) slagging or 
deposits on surfaces exposed to predominant radiant heat, (iii) fouling or deposits on 
surfaces in heat recovery sections, and (iv) corrosion as the gradual deterioration of the 
furnace by chemical and/or electrochemical reactions that take place mainly on surfaces 
at high temperatures under oxidizing environments [210]. 
In this regard, table 25 summarizes some values found in the literature describing the ash 
composition of coal (as reference) [209], rice husk [211]–[213], poultry litter [84][123] 
and coffee husk [214], aiming to compare the biomasses with highest (rice husk and 
poultry litter) and lowest (coffee husk) ash contents. 









/ % / % / % / % 
SiO2 54.06 91.00 17.27 14.65 
Al2O3 23.18 0.65 2.63 7.07 
TiO2 1.05 0.02 0.20 0.27 
Fe2O3 6.85 0.45 1.67 2.06 
CaO 6.57 1.89 20.03 13.05 
MgO 1.83 0.46 4.73 4.32 
Na2O 0.82 0.16 5.57 0.66 
K2O 1.60 3.27 17.30 52.45 
SO3 3.54 0.72 6.30 0.53 
P2O5 0.50 1.43 24.30 4.94 
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A high content of SiO2 characterizes the ash composition of coal and rice husk while 
moderate contents of SiO2 are observed for poultry litter and coffee husk. Bakker et al. 
[215] studied the combustion of untreated and leached rice straw with a 72.23 % and 
82.23 % of SiO2 in ash, respectively. They reported that the ash from untreated rice straw 
severely sintered at 950 °C, and formed slag at 1 050 °C with complete ash fusion at 1 200 
°C; while leached straw exhibited only light sintering at 1 000 °C and complete ash fusion 
at 1 300 °C. Nevertheless, combine effects may occur since SiO2 can also react with alkali 
oxides or salts, as presented in equations 56 and 57, forming eutectic mixtures with 
melting points at 874 °C and 764 °C, respectively [210]. 
2𝑆𝑖𝑂2 + 𝑁𝑎2𝐶𝑂3 → 𝑁𝑎2𝑂 ∙ 2𝑆𝑖𝑂2 + 𝐶𝑂2 (56) 
     4𝑆𝑖𝑂2 + 𝐾2𝐶𝑂3 → 𝐾2𝑂 ∙ 4𝑆𝑖𝑂2 + 𝐶𝑂2 (56) 
Rice husk also exhibited more deposition than other biomasses in the study of Vélez et al. 
[216] due to its significant amount of SiO2. Erosion and abrasion problems during 
preparation, transport and conversion processes are also enhanced by high contents of Si 
in the biomass ash [209]. Thus, highly mobile and reactive ashes with a low melting 
temperature may be expected for poultry litter, given the high concentrations of P2O5 and 
CaO [217].    
Even small quantities of inorganic material, as they are present in biomass, are enough to 
modify the behavior of pyrolysis and gasification reactions [213]. K, Na and Ca have 
catalytic effects on gasification reactions for instance; while SiO2 and Al2O3 do not appear 
to catalyze but their presence may decrease reactivity and carbon conversion [213]. The 
effect of high concentrations of K2O is reflected in lower initial deformation, softening, 
hemispherical and fluid temperatures of the ash. Biomasses such as poultry litter (17.30 
% K2O) and coffee husk (52.45 % K2O) are expected to exhibit initial deformation 
temperatures around 800 °C and 750 °C, and flow temperatures around 1 300 °C and       
1 150 °C, respectively [210]. It is important to highlight that despite the low ash content 
in coffee husk, its large content of K2O caused problems of sintering and agglomeration 
during combustion, inhibiting the correct fluidization and promoting large temperature 
gradients inside the bed [210]. This was also supported by Vélez et al. [216] who 
establishes that K2O and Na2O produce a decreasing on the fusion temperature of the 
ashes, because they approach the eutectic point of the binary system of these compounds. 
Combine effects may also be studied by plotting the biomass ash composition in the 
ternary ash classification diagram, as shown in figure 76. Authigenic minerals in biomass 
are oxalates, carbonates, phosphates, sulphates, chlorides and nitrates, and are 
predominant in “C-”, “CK-” and “K-type ash” (poultry litter and coffee husk). Such 
minerals favor the formation of water-soluble and low acid ashes with low 
decomposition temperatures, and are main the responsible for deposits formation, 
corrosion, agglomeration, slagging and fouling [217], factors that may cause the partial or 
entire bed defluidization. Coal and rice husk ashes (“S” type) are dominated by the 
presence of detrital minerals such as silicates and oxyhydroxides, which are usually 
stable, less mobile (water-insoluble), less reactive and have higher melting temperatures 
[218]. This ash type enhances abrasion-erosion due to the formation of fine and sharp 
type ash that may decrease conversion efficiency and increase operation costs. 
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Nonetheless, they may also be important for synthesis of different minerals, recovery of 
certain valuable components and production of some construction materials [218]. 
 
Figure 76. Ash composition of coal, rice husk, poultry litter and coffee husk on ternary ash 
classification diagram. 
The biomasses studied in the present work are plotted together on the Van-Krevelen 
diagram in figure 77, where the O:C and H:C ratios (as reported by the ultimate analysis) 
allow a clear representation of the calorific value and the carbonization of a certain 
organic material. This diagram was originally developed to expose different ranks of 
coals such as anthracite, bituminous and sub-bituminous coal, and lignite. The biomasses 
under study are located in the “Biomass region”, added later to the Van-Krevelen 
diagram. The higher proportion of oxygen and hydrogen in biomass reduces the energy 
value of sugar cane bagasse, top, coffee husk and poultry litter as reflected in their HHV in 
table 24.    
 
Figure 77. Biomasses studied in the present work on the Van-Krevelen diagram. 
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8. DISCUSSION AND PERSPECTIVES 
Colombia is a country that currently depends almost exclusively on hydro- and thermal- 
power, the later based on oil, natural gas and coal. However, it is also a country that 
counts on vast amounts of residual biomass. This resource has remained minimally 
exploited until now even when Colombian research institutions, companies and 
government openly profess support to the development of a domestic bio-based 
economy able foster innovation and to spur the modernization of the agricultural sector 
[58]. In fact, Colombian rural regions are still quite underdeveloped and the country is 
still a fairly modest player in the international bioenergy markets, such as bio-ethanol, 
palm oil and biosolids, compared to Brazil, Canada and Indonesia, for instance [58].    
The present work focused on identifying the residual biomasses available in Colombia 
that have a significant energy potential and characterize them physically, fluid-
dynamically and thermochemically, this in order to evaluate their suitability to be 
transformed in fluidized bed reactors. This work takes into account that: (i) Colombia has 
an excellent window of opportunity to take a predominant position in the bio-energy 
market for developing bio-based solutions and products, both for exporting and for 
national use [58], and (ii) the national government has set the goal to promote and 
extend the use and development of renewables energies and efficient energy 
management for the coming years (as presented in the law 1715 of 2014) [15].  
More than 30 residual biomasses were initially contemplated and a database was created 
with the technical information compiled from multiple sources. Priority was given to 
national studies and information from official institutions. A simple, reliable and 
reproducible methodology to calculate the theoretical energy potential under the thermal 
model was applied. A theoretical energy potential of 719.3 PJ/year was obtained 
corresponding to the residual biomasses from the agricultural (77 %), forestry (9.7 %), 
OMSW (7.3 %) and livestock (5.3 %) sectors. Availability factors were suggested for oil 
palm shell, fiber, rachis, sugar cane top (large scale), rice husk, coffee husk and poultry 
litter according to specific sources depending the sector. Here, scarcity of information 
was remarkable, especially for the forestry sector. Carrying out mass and energy balances 
throughout the processes that generate residual biomass would be of great value in the 
refinement of the technical energy potential calculation. Despite these limitations, a 
technical energy potential of 57.6 PJ/year for thermochemical purposes was estimated; 
80.3 % of this energy is associated to the agricultural sector and the remaining fraction to 
poultry litter. Representative regions and municipalities of Colombia were highlighted 
based on the volume production of each residue. A natural follow up of these results, 
aiming the implementation of thermochemical processes using these biomasses, is the 
study of economic, environmental and social impacts [14], considering principally those 
regions. Even though, a technical potential for sugar cane bagasse was not identified, this 
residual biomass was added to the group of highest technical potential given its extensive 
use and the academic and industrial interest worldwide. 
The available residual biomasses previously identified were obtained from different 
locations in Colombia and conditioned to favor an adequate fluid-dynamic performance. 
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The moisture content was set below 15 % for all cases to avoid the biological degradation 
of the samples and the proliferation of insects, especially in poultry litter. The particle 
size adjustment to reach a distribution below 3 cm, approximately, was carried out in a 
hammer mill for fiber type biomasses (oil palm fiber and rachis) and in a cutting mill for 
the rest of materials. Oil palm rachis and sugar cane top stand out because of their high 
initial moisture content and difficulties to be ground. This situation indicates that these 
biomasses would require extensive work and energy to be conditioned in an industrial 
process. Therefore, more efficient ways to facilitate their conditioning should be taken 
into consideration. After drying and grinding, fifteen samples were generated and 
characterized. 
Particle size determination was carried out by sieving. Oil palm shell, rice husk and coffee 
husk samples could be effectively separated into fractions of different sizes with a sieving 
time of 15 – 20 minutes. Longer sieving times and sieving refinement was necessary for 
PL-AR due to its breakable nature and significant presence of fine particles. Furthermore, 
it was identified that PL-AR particles disintegrate due to the motion of the sieve shaker 
and therefore, the fractions of fine particles result higher than in the original sample. 
Although sieving is a widely accepted method for measuring the mean particle size of 
bulk materials, limitations are observed when fiber and flat like particles are sieved. For 
instance, fiber type samples such as oil palm fiber and rachis particles exhibited a 
tendency to remain connected to each other resulting in building up of clusters. These 
particle knots were retained in standard sieves with aperture sizes much larger than the 
particles equivalent diameters. This problem could be solved by separating the particles 
manually and sieving those fractions again. Additionally, due to the low sphericities of 
such particles, sieving analysis does not fully correspond to the effective mean particle 
diameter; it might rather correspond to the dimension of the traverse area of the 
particles. 
The experimental set up to determine the bulk density was used for S-AR, S-G, B-FG, T-FG, 
RH-AR, RH-G, CH-AR, CH-G and PL-AR without appreciable problems. In turn, samples 
such as F-CG, R-CG, B-CG and T-CG exhibited low fluidity during bulk density 
measurements due to their tendency to form clusters; particles coalesce or tangled 
together clogging the particle reservoir and making impossible for smaller particles to 
move forward. Since this condition was observed for each executed experiment and 
similar results were obtained each time, the measured bulk densities are considered to 
be representative, but the ability of the standard method to deal with these kind of 
materials need to be revised. Low fluidity problems were also observed for long-thin 
particles of T-CG which remained motionless inside the biomass container unless sharp 
discharge angles were employed. Since this problem only occurred for a very low fraction 
of particles, the influence of this effect was neglected. The measured bulk densities were 
found between 35 and 707 kg/m3 for R-CG and S-G, respectively. In general, the finer the 
particles, the higher the bulk density. 
High reproducibility was obtained from experiments for the determination of particle 
density by pycnometry. It must be highlighted that the particles used for these 
measurements were chosen accordingly to the opening size of the pycnometer and 
therefore, they do not have the same particle size distribution as the original sample 
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(appendix B). It is therefore assumed that for the same biomass type, the particle size has 
only little influence on the density of the particle, this statement needs to be evaluated in 
future works. Some initial experiments were performed with glycerin as a working fluid, 
but the presence of bubbles inside the pycnometer hindered a proper measurement, high 
disparity between results from the same biomass sample were observed, the use of 
paraffin allowed proper measurements. Results indicate that the particle density of the 
samples under study varied between 579 and 1 403 kg/m3 for (the lowest for B-CG and 
the highest for PL-AR). Noticeable differences in density were observed between particle 
of the same type but different size; e.g. R-CG (1 073 kg/m3) and R-FG (1 382 kg/m3), B-CG 
(579 kg/m3) and B-FG (814 kg/m3), T-CG (662 kg/m3) and T-FG (993 kg/m3), and RH-AR 
(1 093 kg/m3) and RH-G (1 277 kg/m3); indicating an inverse dependency between 
particle size and particle density, i.e. the larger is the particle size, the lower is the 
particle density for such cases. This disagree with the initial statement, however, the 
mechanism causing this disparity is not certain yet and should be further studied in order 
to detach the weaknesses of the method from the actual correlation between properties 
(size-density).  
Sphericity was measured using 2D-image analysis; different observation angles were 
used for each particle in order to avoid the assumption given by the Sympatec equation, 
in which there is symmetry between different planes of analysis (false for almost every 
type of biomass). In general, it was found that the smaller is the particle size, the higher is 
the sphericity of the particles. Nevertheless, large dispersion was observed for most of 
the biomasses, due to the high heterogeneity (size and shapes) of the particles. Visual 
comparison among particles let identify remarkable limitations of using 2D-image 
analysis and Sympatec´s formula, since particles with significant shape differences turn to 
have similar sphericities (with this method). Even more, particles such as rice husk and 
coffee husk which clearly have low sphericities, result through this method, to have 
sphericities higher than 0.5. In order to overcome these difficulties, an alternative 
methodology using theoretical shape models based on the approximate geometrical 
shape of the particles was proposed. For oil palm shell, rice husk and coffee husk, a flake-
like model was proposed, the perimeter and the projected area were measured through 
image analysis and width measurements were performed using a micrometer. Partial 
results are more coherent with the observations indicating lower sphericities than those 
calculated using Sympatec´s formula. Further work is being carried out in order to 
validate these results by comparing them with the real sphericity of the particles, 
measured in a 3D-scanner. 
Particles were classified according to Geldart´s diagram. Most of the samples were 
classified as “sand-like” particles (type B after Geldart) indicating good aptitude to be 
fluidized. Since Geldart´s diagram was proposed for spherical particles and only takes 
into account the particle density and the mean particle diameter, these results are only 
indicative for biomass particles and should be handle with caution. The divergence from 
the expected behavior was actually confirmed when the fluidization of pure biomass 
particles was carried out. This shows that properties such as the sphericity (shape 
factor), particle size distribution and even moisture content can significantly modify the 
fluidization behavior of a bed of heterogeneous particles. Nonetheless, Geldart’s 
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classification of particles was found to still be the key factor to predict the minimum 
fluidization velocity of binary systems biomass-sand (for biomass concentrations below 
10 % w/w). 
In order to study the performance of biomasses during fluidization, tests were performed 
in a cold flow unit. During experimentation, the total pressure drop through the bed was 
registered and plotted as a function of the superficial gas velocity. Experiments were 
recorded and detailed observations about the development of the fluidization during 
experimentation were noted and analyzed. First set of experiments was carried out with 
biomass particles only; a total of 15 effective experiments were performed. Experiments 
with atypical results were validated with additional experiments, although analogous 
behaviors were found for all cases. S-AR, S-G and PL-AR exhibited bubbling fluidization 
(Umf) at 23.3, 27.9 and 18.6 cm/s, respectively. Those biomasses are characterized by 
high bulk and particle densities and sphericities above 0.5. Channeling and jetting flows 
appeared during fluidization of RH-AR, RH-G and CH-G i.e. flake-type particles with low 
bulk densities. Preferential gas flows were observed for those biomasses limiting the 
mixing of particles inside the bed and inhibiting the fluidization of such biomasses even 
at the highest superficial gas velocity here studied, 30 cm/s. Finally, oil palm fiber and 
rachis, sugar cane bagasse and top, and coffee husk as received, exhibited slugging. For 
such biomasses, fluidization was not achieved since the entire bed was lifted by the 
upstreaming gas. Tangled structures favored this behavior.    
A second set of fluidization experiments was done pursuing to investigate whether or not 
binary systems of biomass and silica sand (with a mean particle diameter of 200 µm and 
a particle density of 2 600 kg/m3) could show an improved fluidization quality. Fifty two 
effective experiments were carried out and additional experiments confirmed the 
reproducibility of the results. Different regimes and phenomena were identified: 
bubbling fluidization (27 mixtures), slugging (4 mixtures), segregation (9 mixtures) and 
channeling and jetting (12 mixtures). Table 26 summarizes the results of the binary 
fluidization experiments executed for the present work. The minimum fluidization of the 
silica sand is also reported as a reference.    




bed / % 
Fluidization regime 
Reference: Silica sand - Bubbling – Umf = 2.60 cm/s 
Oil palm shell 
S-AR 
3 Bubbling – Umf = 3.44 cm/s 
5 Bubbling – Umf = 3.21 cm/s 
7 Bubbling – Umf =3.25 cm/s 
10 Bubbling – Umf = 3.32 cm/s 
S-G 
3 Bubbling – Umf = 3.27 cm/s 
5 Bubbling – Umf =2.81 cm/s 
7 Bubbling – Umf =3.27 cm/s 
10 Bubbling – Umf =3.54 cm/s 





3 Bubbling – Umf =3.66 cm/s 
5 Bubbling – Umf = 4.10 cm/s 
Oil palm rachis R-CG 
3 Channeling and jetting 
5 Segregation 
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R-FG 
3 Channeling and jetting 






7 Channeling and jetting 
10 Channeling and jetting 
B-FG 
3 Bubbling – Umf = 3.79 cm/s 
5 Bubbling – Umf = 4.73 cm/s 
7 Bubbling – Umf =5.80 cm/s 
10 Slugging 
Sugar cane top 
T-CG 





3 Bubbling – Umf = 3.50 cm/s 
5 Bubbling – Umf = 3.20 cm/s 




3 Bubbling – Umf = 3.88 cm/s 




3 Bubbling – Umf = 3.53 cm/s 
5 Bubbling – Umf = 4.16 cm/s 




3 Bubbling – Umf = 3.20 cm/s 
5 Jetting 
7 Channeling and jetting 
10 Segregation 
CH-G 
3 Bubbling – Umf =3.24 cm/s 
5 Bubbling – Umf = 2.94 cm/s 
7 Slugging 
10 Segregation 
Poultry litter PL-AR 
3 Bubbling – Umf = 3.39 cm/s 
5 Bubbling – Umf = 2.89 cm/s 
7 Bubbling – Umf = 2.98 cm/s 
10 Bubbling – Umf = 3.47 cm/s 
Oil palm shell and poultry litter mixtures exhibited bubbling fluidization even for the 
highest biomass concentration here studied. As presented before, these biomasses, S-AR, 
S-G and PL-AR, are characterized by high particle densities and high sphericities, factors 
commonly reported as favorable for fluidization. These biomasses stand out because the 
good fluidization quality was even exhibited by the “as received” samples, which is 
understood as lower requirements to achieve suitable particle size diameters for 
fluidization applications. Bubbling fluidization was also observed for biomass 
concentrations up to 5 % for oil palm fiber finely ground (F-FG), sugar cane top finely 
ground (T-FG), rice husk as received (RH-AR) and coffee husk ground (CH-G), and up to 7 
% for sugar cane bagasse finely ground and rice husk ground. Beyond these 
concentrations channeling, jetting, segregation of slugging was observed for such 
biomasses. In general, it was not observed a trend indicating that higher biomass 
concentrations in the bed reflected higher minimum fluidization velocities of the 
mixtures. This condition was observed for sawdust, groundnut and rice husk in some 
references even for biomass concentrations in weight below 15 % and volume fractions 
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below 30 % in mixture [180]. Nevertheless, the experimental work carried out by Aznar 
et al. [186] shows that sharp and sudden increase in the minimum fluidization velocity of 
binary mixtures are measured for biomass volume fractions higher than 35 % for most of 
the binary systems there studied. Lower biomass volume fractions do not exhibit a 
continuous increment in the minimum fluidization velocity.    
Minimum fluidization velocities of the mixtures that exhibited bubbling behavior were 
predicted through both correlations based on pressure drop principles and correlations 
based on dimensional analysis. The following aspects were found:  
- Regarding the correlations based on pressure drop, minimum fluidization velocities 
were satisfactorily predicted depending on the Geldart’s particle classification for 
each biomass, i.e. Grace´s correlation [40] for type finer particles close to the AB 
boundary, Wen and Yu correlation [37] for type B particles and, Chyang and Huang 
correlation [41] for type D particles. The relative errors between the experimental 
and predicted values are 6.8 %, 8.7 % and 6.2 %, respectively. The largest deviation 
was observed for sugar cane bagasse at 7 % where no correlation allowed an 
appropriate estimation, most probably due to the very high biomass volume fraction, 
above 35 %, and its bed aspect ratio, close of 1.4. In this regard, it is found that 
predictions might lose accuracy for biomass volume fractions above 35 % and bed 
aspect ratio much larger than 1.0.  
- Additionally, depending on the biomass concentration in the mixture, the correlation 
proposed by Wen and Yu [37] provides the lowest relative error (6.9 %) for a 
biomass concentration of 3 % in weight, while the lowest relative error for the 
remaining biomass concentrations under study (5, 7 and 10) % are obtained from 
Chyang and Huang correlation [41] (16.8 %, 14.9 % and 14.5 %, respectively, as 
presented in appendix D1). Finally, a global mean relative error of 7.3 % was 
calculated by choosing specific correlations for each biomass as presented in 
appendix D2.  
- Regarding dimensional analysis, an empirical factor of 0.812 was obtained, relatively 
close to the 0,760 predicted using the equation proposed by Rao and Bheemarasetti 
[180]. This methodology would allow a rapid approximation of the minimum 
fluidization velocity of binary mixtures since it is a function of the mean particle size 
of the bed material only. Nevertheless, it was found that this methodology is not 
accurate enough for biomass concentrations higher than 3 % and even for this 
concentration a mean relative error of 11,4 % was measured (appendix E). In fact, 
only 9 out of 27 mixtures presented a relative error below 10 %: S-AR 3%, S-G 3%, 
CH-AR 3%, CH-G 3%, T-FG 5%, PL-AR 5%, RH-G 7%, PL-AR 7% and PL-AR 10%.  
Segregation was promoted by large differences in particle size and particle density 
between the components in the mixture. It was observed that the sphericity of the lighter 
component (biomass) plays a key-role defining the preferred movement of the 
components inside the bed, i.e. upwards (flotsam) or downwards (jetsam). Higher 
biomass concentrations in the mixture promoted segregation for flake-type particles such 
as rice husk (RH-AR 7%, RH-AR 10% and RH-G 10%) and coffee husk (CH-AR 10% and 
CH-G 10%). Although R-CG 5%, T-CG 10%, RH-AR 10% and CH-AR 10% were unable to 
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be fluidized at the experimental conditions set in the present research, it is not ruled out 
that these mixtures can be adequately fluidized using higher superficial gas velocities.  
The (de)fluidization front could be clearly identified as soon as the segregation occurred 
for most of the cases. Additionally, it was observed that the development of the 
fluidization depends on the initial state of the bed, i.e. totally segregated or well-mixed 
bed. A well-mixed bed presents a series of pressure drop peaks in the fluidization curve 
corresponding to the number of escaping flotsam layers during the fluidization of such 
mixtures, while a totally segregated bed present different scopes in the fluidization curve 
corresponding to the first fluidization of the flotsam component and later to the 
fluidization of the jetsam one. This behavior, however, can also be affected for the 
disparity level between the density and the particle size ratio of the jetsam and the 
flotsam component of the mixture.    
Channeling and jetting flows were characterized by the largest instabilities observed 
during fluidization, especially for oil palm rachis mixtures (R-CG 3%, R-CG 5%, R-FG 3% 
and R-FG 5%), sugar cane bagasse (B-CG 7% and B-CG 10%) and sugar cane top (T-FG 
7% and T-FG 10%), i.e. fiber and flat-like particles. For the mixtures that exhibited jetting, 
jets continuously appeared and disappear always against the walls. Slugging occurred for 
F-CG 3%, B-CG 5%, CH-G 7% and B-FG 10% inhibiting the suitable fluidization of such 
mixtures.  
The presence of jetting flow might imply the inhomogeneous transformation of the 
biomass during the actual process at high temperature causing significant reduction of 
the conversion efficiency and the formation of localized hot spots. These conditions could 
promote the fusion of the ashes and therefore, the malfunction of the reactor. The 
extended presence of channels and eventually the formation of slugs during real 
operation can cause total stop of the operation due to the poor heat and mass transfer 
that result from the limited mixing of particles.         
It was found that small changes in the concentration of biomass in the mixtures produce 
large effects on the development of the fluidization. Different fractions also mean 
different effective particle size and density and biomass volume fractions in mixture, 
which are important characteristics for the differences in behavior even when the same 
particle size distribution was guaranteed for all experiments of the same biomass type. 
For instance, bubbling fluidization was observed for biomass fractions below 5 % for CH-
G but suddenly at 7 % slugging occurred making unsuitable its fluidization. The same 
tendency was observed for B-FG which from 7 % to 10 % w/w of biomass in the mixture 
changed from bubbling fluidization to slugging. Combined transitions between 
channeling, jetting and segregation were observed for B-CG, T-CG and CH-AR. Even 
slugging occurred for B-CG at 5 % but not at 3 % or 7 %.             
Finally, the thermochemical characterization of the biomasses under study was carried 
out. Volatile matter contents over 80 % were measured for oil palm shell, sugar cane 
bagasse and coffee husk indicating a highly reactive nature of these biomasses. Despite of 
the fact that the remaining biomasses have lower volatile matter content, the VM/FC 
ratio is higher than 3.8 for all cases. This condition promotes low ignition temperatures, 
easier and rapid ignition, devolatilization and burning, higher production of combustible 
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gas and inorganic vapors, more “flaming combustion” and less “char combustion”. Fixed 
carbon contents higher than 15 % were measured for oil palm shell, fiber, rachis and 
coffee husk, which might promote the formation of CO2 during their combustion or 
methane when they are gasified. Longer conversion times could also be required for such 
biomasses. However, their inadequate transformation can also lead to the formation of 
larger fractions of C-based pollutants such as polycyclic aromatic hydrocarbons, dioxins, 
furans and tars. High ash content in rice husk (17.6 %) and poultry litter (24.1 %) 
represent a main disadvantage compared to the other residual biomass. In this regard, 
higher fouling, deposition, agglomeration, slagging, corrosion and erosion may be 
expected for these biomasses. This condition also implies extensive operation cost 
concerning additional gas-cleaning technologies, as well as ash transport and disposal. 
Even though the ash content of coffee husk was estimated in 1.2 % some references in the 
literature report sintering and agglomeration problems caused by its large content of 
K2O. Thus, additional studies focus on determining the ash composition and their effects 
during the thermochemical conversion of the biomasses under study should be carried 
out in the future.     
The high oxygen content in biomass (especially in sugar cane bagasse and top and coffee 
husk) is a disadvantage because of the reduced energy value, less predictable behavior of 
highly oxygen-functionalized carbohydrates and greater smoking and soot formation 
during their thermochemical conversion. Carbon contents are found between 44.73 and 
54.43 % for poultry litter and oil palm shell, respectively. High contents of nitrogen (6.74 
%) and Sulfur (1.34 %) in poultry litter imply a higher tendency to the formation of type 
NOx and SOx pollutant agents. The highest lower heating value was measured for oil palm 
shell (20 882 kJ/kg) followed by oil palm rachis (19 074 kJ/kg), oil palm fiber (18 855 
kJ/kg), sugar cane bagasse (16 369 kJ/kg), rice husk (15 966 kJ/kg), sugar cane top       
(15 940 kJ/kg), coffee husk (14 240 kJ/kg), and poultry litter (12 612 kJ/kg). 
In conclusion, oil palm shell is the biomass with the best technical aptitude to be 
transformed through thermochemical processes in fluidized bed reactors in Colombia. Its 
technical energy potential evaluated in 1.16 PJ/year corresponding to approximately     
58 000 t of dry matter generated per year. It requires minimum particle size conditioning 
since it is possible to be transformed in “as received” state and it has low initial moisture 
content (below 15 % w/w). Oil palm shell has high bulk (595 kg/m3) and particle 
densities (1 375 kg/m3) and sphericity (0.70). It exhibited excellent fluid-dynamic 
characteristics performing bubbling fluidization even for the highest biomass 
concentration (10 %) here studied. Regarding the thermochemical characterization, oil 
palm shell has low ash content (1.9 %), high volatile matter content (82.0 %) and the 
highest calorific value within the biomasses here studied (LHV = 20 882 kJ/kg and HHV = 
22 562 kJ/kg).  
This statement is not exclusive in the sense that other biomasses (with the exception of 
oil palm rachis for the technical conditions here studied) are also suitable to be 
thermochemically transformed in fluidized bed reactors under specific technical 
conditions as explained before.  
The present thesis supplies the technical information and methodologies necessary to 
study aptitude of residual biomasses to be converted in fluidized bed reactors. From the 
Universidad Nacional de Colombia –Bogotá D.C 119 
 
analysis and discussion of results, this work presents the start point and offer base 
information for further studies, for example: 
(i) Investigation of sphericity and particle size distribution influence on other 
physical properties. 
(ii) Ash characterization of the selected residual biomasses. 
(iii) Economic and environmental evaluation of the thermochemical conversion of 
residual biomasses in fluidized bed reactors (for specific biomasses and 
regions).  
(iv) Modeling of pyrolysis, gasification or combustion of residual biomasses in 
fluidized bed reactors. 
(v) Characterization and improvement of the bed mixing for sand-biomass 
mixtures.  
(vi) Fluidization experiments using biomass char as fuel material in a pilot unit. 
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9. SUMMARY 
- A simple, reliable and reproducible methodology, to calculate the theoretical energy 
potential using a thermal model for solid residual biomass in Colombia was 
presented. Four sectors were identified as the major residual biomass producers and 
the technical and statistical data of more than 30 representative residual biomasses 
were summarized. A theoretical energy potential of 719.3 PJ/year was estimated.  
- By analyzing the biomass production chain and the common practices associated to 
each biomass the estimation of the availability factors and the calculation of the 
technical energy potential was achieved, resulting in 57.6 PJ/year. This potential was 
associated to seven available residual biomasses in Colombia: oil palm shell, fiber and 
rachis, sugar cane top, rice husk, coffee husk and poultry litter. The most 
representative regions and municipalities in the production of each of the identified 
residual biomasses were also indicated. 
- The technical characterization of the selected biomasses (plus the sugar cane 
bagasse) was carried out considering three different pillars: (i) the physical 
characterization included the evaluation of the moisture content, the mean particle 
size, the particle size distribution, the bulk and the particle densities and the 
sphericity; these properties were used to classify the biomasses after Geldart´s types; 
(ii) the fluid-dynamic characterization of the pure biomasses and binary systems 
biomass-sand for concentration between 3 % and 10 % w/w; and (iii) the 
thermochemical characterization including measurements of the proximate analysis, 
the ultimate analysis and the calorific value; the description of the ash content based 
on literature. 
- Regarding the physical characterization, different methodologies were explored and 
adapted to biomass. Limitations of existing norms for the physical characterization of 
solid bio-fuels were highlighted and discussed. The influence of the physical 
properties of the biomasses on the fluidization was analyzed. In general, appropriate 
particle size diameters, high particle densities (Geldart type B or D) and high 
sphericities are identified as key factors that promote a stable fluidization of 
heterogeneous particles.    
- Five different phenomena were observed during the fluid-dynamic characterization: 
bubbling, segregation, channeling, jetting flow and slugging. Each behavior was 
explained and discussed individually. The minimum fluidization velocity, a crucial 
factor in the design and operation of fluidized bed reactors, was satisfactorily 
predicted for the mixtures that exhibited bubbling behavior. This was carried out 
using correlations based on pressure drop principles and depending on the Geldart 
particles classification of the biomasses.  
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10. CONCLUSIONS 
- Seven residual biomasses were found as available in Colombia for 
thermochemical conversion processes: oil palm shell, oil palm fiber, oil palm 
rachis, sugar cane top, rice husk, coffee husk and poultry litter. Their technical 
energy potential represents 25 % of the total energy demand in Colombia in 2016. 
 
- The technical characterization allowed the selection of biomasses and the specific 
operation conditions for each biomass that can be used in fluidized bed reactors 
for thermochemical conversion processes. In this regard, this work provided key 
technical elements for the design and optimization of fluidized bed reactors and 
modelling of the thermochemical conversion of residual biomasses in fluidized 
bed reactors.  
  
o Oil palm shell was found to be the residual biomass with the greatest 
technical aptitude to be transformed in fluidized bed reactors in Colombia. 
 
o Poultry litter exhibited excellent technical energy potential as well as 
physical and fluid-dynamic characteristics, but some limitations were 
found with regard to its thermochemical properties: low energy content 
and high ash content.  
 
o Oil palm fiber requires to be finely grounded (mean particle size around 
200 µm) to be transformed in fluidized bed reactors offering a window of 
opportunity for a fiber-type biomass.  
 
o In general, B type particles and biomass concentrations below 5 % in 
weight and 30 % in volume favor the fluidization of flat and flake-like 
particles such as sugar cane bagasse and top, rice husk and coffee husk.  
 
o Oil palm rachis is ruled out from the available residual biomasses in 
Colombia suitable for conversion in fluidized bed reactors. Its fiber-type 
nature, low bulk density, sphericity and tangled structures prevent from a 
homogeneous fluidization. Oil palm rachis would require additional 
conditioning or the use of additives to separate the fibers and favor its 
fluidization. 
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APPENDIX A – THEORETICAL ENERGY POTENTIAL   
Statistics from [70] 







(ha) (t/ha) Rice straw Rice husk 
Tolima 103 316 6.39 10 821.33 4 062.84 
Huila 30 740 6.41 3 229.80 1 212.62 
Norte de Santander 27 900 4.91 2 247.29 843.74 
Casanare 27 524 4.89 2 208.87 829.31 
Cesar 18 138 5.02 1 492.21 560.25 
Meta  19 075 4.42 1 381.27 518.59 
Valle del Cauca 5 639 6.21 574.07 215.53 
Bolívar 5 460 6.35 568.75 213.53 
Magdalena 3 458 5.45 309.16 116.07 
La Guajira 2 369 5.80 225.36 84.61 
Cauca 2 167 5.20 184.82 69.39 
Cundinamarca 1 496 6.20 152.13 57.12 
Córdoba 1 750 5.20 149.25 56.04 
Arauca 560 5.00 45.92 17.24 
Atlántico 470 5.50 42.40 15.92 
Santander 450 4.50 33.21 12.47 
Colombia 250 512 5.46 23 665.86 8 885.27 
 







(ha) (t/ha) Rice straw Rice husk 
Córdoba 23 939 1.71 656.86 246.62 
Chocó 20 443 1.73 578.72 217.28 
Bolívar 12 281 2.04 411.52 154.50 
Antioquia 13 221 1.52 330.47 124.07 
Sucre 6 559 2.26 242.70 91.12 
Guaviare 2 126 2.86 99.62 37.40 
Putumayo 734 2.33 28.00 10.51 
Nariño 1 489 1.05 25.69 9.65 
Caquetá 651 1.40 14.96 5.62 
Cauca 448 1.50 11.02 4.14 
Santander 200 2.50 8.20 3.08 
Cundinamarca 360 1.30 7.68 2.88 
Vichada 5 3.40 0.28 0.10 
Vaupés 9 1.80 0.27 0.10 
Colombia 81 919 1.96 2 415.98 907.07 
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(ha) (t/ha) Rice straw Rice husk 
Casanare 85 098 4.53 6 319.90 2 372.79 
Meta 58 948 3.78 3 651.74 1 371.04 
Sucre 33 108 4.08 2 216.07 832.02 
Bolívar 16 795 4.59 1 264.65 474.81 
Córdoba 8 873 4.64 674.68 253.31 
Arauca 11 408 3.41 638.04 239.55 
Antioquia 4 718 4.32 334.29 125.51 
Caquetá 2 615 4.50 193.00 72.46 
Cesar 1 996 4.60 150.59 56.54 
Cundinamarca 1 601 5.36 140.72 52.83 
Vichada 1 201 4.10 80.76 30.32 
Santander 440 6.00 43.30 16.26 
Guaviare 247 6.00 24.31 9.13 
Valle del Cauca 127 6.00 12.50 4.69 
Colombia 227 175 4.71 15 744.57 5 911.25 
 





Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Stover Cob Husk 
Córdoba 37 055 4.78 10 771.65 973.38 893.29 
Meta 24 056 6.08 8 895.83 803.87 737.64 
Tolima 26 804 5.10 8 314.90 751.38 689.47 
Valle del Cauca 17 882 6.50 7 071.53 639.02 586.37 
Huila 14 249 3.85 3 331.18 301.02 276.22 
Sucre 14 403 2.80 2 541.17 221.50 203.25 
Bolívar 5 620 3.97 1 356.57 122.59 112.49 
Cesar 4 303 3.48 910.74 82.30 75.52 
Cundinamarca 2 350 4.90 700.13 63.27 58.05 
Nariño 3 156 3.30 633.24 57.22 52.51 
Cauca 2 316 4.04 568.62 51.38 47.15 
Norte de Santander 1 679 4.15 423.66 38.28 35.13 
Risaralda 1 138 5.30 366.72 33.14 30.41 
Casanare 765 5.90 274.43 24.80 22.76 
Santander 752 4.80 219.47 19.83 18.20 
Caquetá 540 5.00 164.17 14.83 13.61 
Atlántico 904 2.20 120.92 10.93 10.03 
Caldas 343 5.55 115.75 10.43 9.60 
Quindío 166 2.20 22.20 2.01 1.84 
Antioquia 15 3.80 3.47 0.31 0.29 
Colombia 158 496 4.39 46 716.35 4 221.53 3 873.69 
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Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Stover Cob Husk 
Bolívar 86 605 1.58 8 304.08 750.40 688.57 
Córdoba 35 464 1.91 4 124.96 372.75 342.04 
Antioquia 32 548 1.52 3 006.07 271.64 249.26 
Cesar 33 057 1.49 3 002.83 271.35 248.99 
Tolima 18 665 2.00 2 269.73 205.11 188.20 
Cundinamarca 20 258 1.55 1 914.10 172.97 158.72 
Magdalena 27 758 1.13 1 902.08 171.88 157.72 
Arauca 18 621 1.30 1 472.98 133.11 122.14 
Boyacá 13 283 1.48 1 196.91 108.16 99.25 
La Guajira 11 429 1.72 1 193.15 107.82 98.94 
Huila 13 494 1.44 1 184.74 107.06 98.24 
Chocó 15 519 1.20 1 132.30 102.32 93.89 
Santander 8 608 1.90 994.43 89.86 82.46 
Nariño 13 355 1.09 886.71 80.13 73.53 
Meta 8 230 1.60 800.64 72.35 66.39 
Cauca 8 982 1.30 709.96 64.16 55.87 
Sucre 6 735 1.60 655.20 59.21 54.33 
Caquetá 10 421 1.00 633.62 57.26 52.54 
Norte de Santander 6 440 1.25 489.45 44.23 40.59 
Atlántico 7 509 0.95 433.73 39.19 35.96 
Valle del Cauca 3 180 1.90 367.36 33.20 30.46 
Guaviare 3 194 1.50 291.30 26.32 24.15 
Casanare 2 800 1.70 289.42 26.15 24.00 
Putumayo 3 235 1.30 255.70 23.11 21.20 
Vichada 1 979 1.30 156.42 14.14 12.97 
Caldas 1 184 1.90 136.78 12.36 11.34 
Risaralda 583 1.95 69.12 6.25 5.73 
Quindío 528 1.20 38.52 3.48 3.19 
Guainía 242 1.50 22.07 1.99 1.83 
Vaupés 263 0.90 14.39 1.30 1.19 
Amazonas 145 1.50 13.22 1.20 1.10 
San Andres y Prov. 1 0.90 0.05 0.00 0.00 
Colombia 414 315 1.46 37 962.06 3 430.45 3 147.79 
 





Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Shell Fiber Rachis 
Meta 135 857 3.03 688.88 761.38 1 901.56 
Santander 52 113 3.07 267.74 265.91 739.06 
Casanare 45 640 3.48 266.07 294.07 734.44 
Cesar 44 922 3.46 260.45 287.86 718.94 
Magdalena 37 835 3.44 218.35 241.33 602.72 
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Bolívar 26 774 3.39 151.96 167.95 419.46 
Norte de Santander 19 667 2.96 97.58 107.85 269.36 
Nariño 9 702 2.00 32.51 35.94 89.75 
Cundinamarca 3 626 3.11 18.90 20.89 52.16 
La Guajira 1 019 3.30 5.63 6.23 15.55 
Antioquia 961 3.40 5.48 6.05 15.11 
Vichada 1 000 3.10 5.19 5.74 14.34 
Cauca 624 3.40 3.56 3.93 9.81 
Caquetá 360 2.80 1.69 1.87 4.66 
Córdoba 310 3.20 1.66 1.84 4.59 
Chocó 336 2.00 1.13 1.24 3.11 
Atlántico 220 3.00 1.11 1.22 3.05 
Sucre 107 3.40 0.61 0.67 1.68 
Colombia 381 073 3.09 2 028.48 2 241.96 5 599.37 
 







(ha) (t/ha) Top Bagasse 
Santander 21 767 13.12 2 110.83 1 590.21 
Cundinamarca 41 243 4.68 1 426.98 1 075.02 
Boyacá 16 611 10.92 1 341.40 1 010.55 
Antioquia 38 300 4.21 1 191.79 897.84 
Nariño 15 152 6.87 769.91 580.01 
Tolima 12 828 5.31 503.69 379.46 
Cauca 13 861 4.24 434.49 327.33 
Caldas 11 530 4.00 342.11 257.73 
Norte de Santander 9 372 4.76 329.88 248.51 
Huila 5 951 7.55 332.17 250.24 
Valle de Cauca 6 771 6.39 319.92 241.01 
Risaralda 3 832 7.15 202.56 152.60 
Caquetá 3 623 5.10 136.60 102.91 
Cesar 3 353 3.90 96.68 72.83 
Bolívar 1 185 9.00 78.85 59.40 
Putumayo 2 380 3.60 63.34 47.72 
Meta 1 180 6.90 60.19 45.35 
Chocó 1 750 2.00 25.88 19.49 
Guaviare 285 9.00 18.96 14.29 
Quindío 332 7.70 18.90 14.24 
Sucre 264 5.70 11.12 8.38 
Córdoba 348 3.60 9.26 6.98 
Casanare 138 6.90 7.04 5.30 
Vichada 93 4.70 3.23 2.43 
La Guajira 64 6.30 2.98 2.25 
Arauca 8 3.50 0.21 0.16 
Vaupés 2 5.00 0.07 0.06 
Amazonas 2 2.00 0.03 0.02 
Colombia 212 268 5.86 9 839.08 7 412.33 
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(ha) (t/ha) Top Bagasse 
Valle del Cauca 143 328 120.53 130 488.67 76 057.55 
Cauca 37 907 99.04 28 357.87 16 528.87 
Caldas 2 640 98.90 1 972.23 1 149.55 
Risaralda 2 235 115.59 1 951.52 1 137.48 
Quindío 201 95.20 144.54 84.25 
Norte de Santander 213 75.10 120.83 70.43 







Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Pulp Husk Stem 
Huila 118 201 0.98 2 243.25 459.57 6 551.75 
Antioquia 109 756 0.93 1 983.08 406.27 5 791.88 
Tolima 97 309 0.79 1 496.25 306.54 4 370.02 
Caldas 60 264 0.97 1 135.54 232.64 3 316.50 
Cauca 74 106 0.76 1 090.68 223.45 3 185.49 
Valle del Cauca 53 481 0.83 854.44 175.05 2 495.53 
Risaralda 39 616 0.99 756.45 154.97 2 209.31 
Santander 38 614 0.78 585.51 119.95 1 710.08 
Nariño 32 137 0.89 553.89 113.48 1 617.73 
Cundinamarca 36 190 0.69 484.28 99.21 1 414.41 
Quindío 21 203 0.97 399.11 81.77 1 165.66 
Norte de Santander 25 332 0.62 302.19 61.91 882.59 
Cesar 25 106 0.60 291.23 59.66 850.58 
Magdalena 17 017 0.60 197.40 40.44 576.53 
Boyacá 9 217 0.60 107.10 21.94 312.79 
La Guajira 5 751 0.60 66.82 13.69 195.17 
Caquetá 2 906 0.80 45.02 9.22 131.49 
Meta 2 484 0.70 33.67 6.90 98.35 
Casanare 2 233 0.60 25.95 5.32 75.78 
Bolívar 659 0.60 7.66 1.57 22.36 
Chocó 125 0.80 1.94 0.40 5.66 
Putumayo 24 0.70 0.33 0.07 0.95 







Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Rachis Stem Rejected 
Valle del Cauca 6 709 16.37 110.55 922.82 243.41 
Antioquia 3 182 12.62 40.41 337.28 88.96 
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Cundinamarca 3 543 10.13 36.11 301.41 79.50 
Nariño 6 880 4.64 32.12 268.11 70.72 
Tolima 2 616 10.33 27.19 226.97 59.87 
Quindío 1 624 14.40 23.53 196.45 51.82 
Caldas 547 21.14 11.64 97.13 25.62 
Huila 1 562 7.37 11.58 96.65 25.49 
Santander 1 521 6.78 10.38 86.68 22.86 
Chocó 1 637 6.20 10.21 85.26 22.49 
Norte de Santander 1 423 5.52 7.90 65.94 17.39 
Putumayo 967 7.42 7.22 60.28 15.90 
Risaralda 476 12.21 5.85 48.82 12.88 
Boyacá 293 6.50 1.92 16.00 4.22 
Cauca 266 5.15 1.38 11.51 3.04 
Casanare 150 6.00 0.91 7.56 1.99 
Cesar 45 6.30 0.29 2.38 0.63 
Meta 6 8.90 0.05 0.45 0.12 
Vaupés 2 4.00 0.01 0.07 0.02 
Colombia 33 449 9.05 339.23 2 831.77 746.92 
 





Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Rachis Stem Rejected 
Antioquia 33 575 36.70 1 240.02 10 351.12 2 730.24 
Magdalena 12 047 36.90 447.35 3 734.31 984.97 
La Guajira 1 973 34.10 67.71 565.18 149.07 







Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Rachis Stem Rejected 
Arauca 27 525 13.99 387.63 3 235.75 853.47 
Antioquia 41 112 6.92 286.38 2 390.59 630.55 
Meta 15 157 16.13 245.99 2 053.39 541.61 
Quindío 22 955 10.25 236.76 1 976.35 521.29 
Valle del Cauca 26 081 8.68 227.79 1 901.51 501.55 
Caldas 20 510 10.35 213.54 1 782.56 470.17 
Córdoba 26 000 8.00 209,.21 1 747.30 460.87 
Risaralda 19 531 8.48 166.67 1 391.32 366.98 
Nariño 26 026 6.24 163.48 1 364.70 359.96 
Tolima 20 152 7.95 161.20 1 345.66 354.94 
Chocó 17 525 8.12 1 143.17 1 196.12 315.23 
Santander 13 733 8.90 123.00 1 026.74 270.82 
Cauca 14 038 7.00 98.89 825.48 217.73 
Huila 25 506 3.43 88.04 734.92 193.85 
Norte de Santander 13 429 6.10 82.44 688.14 181.51 
Caquetá 11 168 6.10 68.56 572.28 150.95 
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Cundinamarca 7 749 7.00 54.59 455.67 120.19 
Boyacá 4 924 8.30 41.13 343.32 90.56 
Bolívar 5 019 8.10 40.91 341.51 90.08 
Putumayo 5 005 7.90 39.79 332.15 87.61 
Casanare 2 638 10.30 27.34 228.25 60.20 
Guaviare 4 222 5.50 23.37 195.07 51.45 
Magdalena 2 929 7.10 20.93 174.70 46.08 
Cesar 3 030 6.20 18.91 157.81 41.62 
La Guajira 1 750 5.20 9.16 76.44 20.16 
Sucre 1 642 5.50 9.09 75.86 20.01 
Atlántico 560 6.80 3.83 31.99 8.44 
Guainía 320 6.80 2.19 18.28 4.82 
Vichada 405 4.70 1.92 15.99 4.22 
Amazonas 128 3.60 0.43 3.87 1.02 
Vaupés 51 6.20 0.32 2.66 0.70 
Colombia 380 820 7.61 3 196.80 26 685.41 7 038.63 
 





Theoretical energy potential 
(TJ/year) 
(ha) (t/ha) Rachis Stem Rejected 
Antioquia 14 854 7.50 112.11 935.86 246.84 
Caldas 952 18.80 18.01 150.35 39.66 
Colombia 15 806 13.15 130.12 1 086.21 286.50 
 
Statistics from [95] 














(head) (head) (head) Poultry litter 
Santander 35 519 959 24 951 534 22 007 904 9 328.23 
Cundinamarca 32.821 368 24 284 583 21 400 841 9 070.92 
Valle del Cauca 19 594 032 15 201 712 10 289 861 4 361.44 
Quindío 7 514 995 7 654 200 6 772 815 2 870.71 
Antioquia 10 605 676 7 086 088 6 304 392 2 672.17 
Atlántico 4 600 689 4 268 735 3 752 094 1 590.36 
Risaralda 3 422 474 3 004 000 2 654 329 1 125.06 
Bolívar 2 804 040 2 929 800 2 209 322 936.44 
Meta 2 227 050 2 067 200 1 883 700 798.42 
Nariño 2 064 000 2 182 100 1 800 550 763.18 
Córdoba 2 045 821 1 928 100 1 722 220 729.98 
Cauca 6 092 042 2 021 577 1 657 941 702.73 
Boyacá 2 402 300 2 664 100 1 403 800 595.01 
Tolima 7 254 906 1 831 400 1 355 900 574.71 
Norte de Santander 2 107 472 1 299 740 893 219 378.60 
Huila 1 864 520 933 350 771 010 326.80 
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Sucre 952 346 576 214 563 500 238.84 
Cesar 480 901 471 816 420 870 178.39 
Bogotá 391 689 388 000 391 000 165.73 
Caldas 1 795 300 408 800 386 000 163.61 
Magdalena 624 551 316 000 316 000 133.94 
Putumayo 450 713 112 898 77 333 32.78 
Arauca 463 100 97 500 72 200 30.60 
Chocó 218 557 75 557 64 915 27.51 
Caquetá 288 758 114 694 61 900 26.24 
La Guajira 145 979 40 298 22 400 9.49 
Amazonas 80 694 25 198 10 956 4.64 
Casanare 98 750 4 000 1 700 0.72 
Guainía 14 350 3 500 1 100 0.47 
Guaviare 70 850 0 0 0.00 
San Andres y Prov. 27 771 0 0 0.00 
Vaupés 2 600 0 0 0.00 
Vichada 29 800 0 0 0.00 
Colombia 149 078 056 106 942 694 89 269 772 37 837.71 
 
Statistics from [85] 











(ha) (ha) (ha) (ha) 
Antioquia 1 464 227.1 696 131.9 432 912.0 94 716 
Vichada 399.9 117 954.7 2 816 866.9 65 079 
Cundinamarca 298 311.0 302 924.4 358 461.0 33 490 
Valle de Cauca 240 999.2 196 237.4 113 276.4 25 064 
Cauca 210 532.8 355 411.4 273 397.2 23 536 
Caldas 170 736.7 71 555.0 37 407.2 21 079 
Magdalena 551 559.6 350 136.5 178 379.3 20 763 
Meta 520 160.0 912 830.3 1 821 658.8 20 163 
Bolívar 224 559.4 168 623.4 162 890.0 14 914 
Cesar 507 809.6 223 982.1 235 181.6 12 421 
Santander 606 947.0 375 414.2 306 154.8 11 779 
Huila 129 842.1 228 831.3 206 718.9 7 493 
Casanare 57 356.0 183 514.8 887 892.8 6 880 
Córdoba 720 583.9 349 542.6 208 856.3 6 447 
Risaralda 79 339.0 35 530.5 16 387.8 6 039 
Tolima 351 481.5 267 162.3 216 881.2 5 246 
Boyacá 330 068.8 163 352.1 230 691.6 4 089 
Quindío 39 521.5 43 402.7 10 872.2 3 880 
Sucre 204 659.1 73 504.9 40 905.3 3 648 
Norte de Santander 130 005.3 184 504.7 352 189.9 2 835 
Nariño 218 058.8 187 846.7 169 856.0 2 566 
Caquetá 23 034.0 333 209.3 929 410.4 2 444 
Atlántico 70 426.6 22 392.6 874.2 945 
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Guaviare 1 226.4 70 751.5 306 648.6 913 
Chocó 14 825.4 70 730.1 123 606.8 770 
Putumayo 8 648.9 30 271.8 341 924.4 504 
La Guajira 62 856.2 41 755.7 47 819.7 367 
Amazonas 0.0 4 246.0 16 150.8 0 
Arauca 19 996.4 154 971.1 426 223.6 0 
Guainía 0.0 975.3 14 394.9 0 
Vaupés 0.0 0.0 44 824.8 0 










Tectona grandis 107 478.9 26 785.46 
Pinus patula 91 556.1 13 553.44 
Acacia mangium 35 826.3 13 245.41 
Eucalyptus grandis 31 845.6 8 002.57 
Gmelina arborea 23 884.2 6 460.26 
Pinus maximinoi 11 942.1 1 857.13 
Colombia 302 533.2 69 904.27 
 
Statistics from [92] 




Theoretical energy potential 
(TJ/year) 
(t/year) Food Pruning 
Other 
organic 
Amazonas 5 507.85 13.01 0.41 19.51 
Antioquia 1 114 505.60 2 632.28 82.00 3 947.79 
Arauca 40 321.55 95.23 2.97 142.83 
Atlántico 690 959.60 1 631.94 50.84 2 447.51 
Bogotá 2 188 481.60 5 168.84 161.02 7 752.02 
Bolívar 416 983.30 984.85 30.68 1 477.03 
Boyacá 135 889.50 320.95 10.00 481.35 
Caldas 166 038.50 392.16 12.22 588.14 
Caquetá 50 745.95 119.85 3.73 179.75 
Casanare 70 324.55 166.10 5.17 249.10 
Cauca 111 788.55 264.03 8.22 395.98 
Cesar 210 192.55 496.44 15.47 744.54 
Chocó 43 610.20 103.00 3.21 154.48 
Córdoba 231 161.80 545.97 17.01 818.82 
Cundinamarca 425 119.15 1 004.06 31.28 1 505.85 
Guainía 5 110.00 12.07 0.38 18.10 
Guaviare 9 902.45 23.39 0.73 35.08 
Huila 138 597.80 327.35 10.20 490.94 
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La Guajira 138 455.45 327.01 10.19 490.44 
Magdalena 277 892.75 656.34 20.45 984.35 
Meta 173 017.30 408.64 12.73 612.86 
Nariño 163 027.25 385.04 11.99 577.47 
Norte de Santander 325 576.35 768.96 23.95 1 153.25 
Putumayo 41 223.10 97.36 3.03 146.02 
Quindío 105 050.65 248.11 7.73 372.11 
Risaralda 181 733.50 429.23 13.37 643.73 
San Andrés y Prov. 17 501.75 41.34 1.29 61.99 
Santander 410 734.50 970.09 30.22 1 454.90 
Sucre 128 699.00 303.97 9.47 455.88 
Tolima 236 687.90 559.02 17.41 838.39 
Valle del Cauca 885 687.10 2 091.85 65.17 3 137.27 
Vaupés 131.40 0.31 0.01 0.47 
Vichada 4 044.20 9.55 0.30 14.33 
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APPENDIX C – FLUIDIZATION CURVES 
Bubbling fluidization 
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Figure C9. Fluidization behavior of F-FG 3% at 1.2 – 4.1 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C11. Fluidization behavior of B-FG 3% at 1.2 – 4.1 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C 13. Fluidization behavior of B-FG 7% at 1.2 – 5.8 – 7.0 and 11.6 
cm/s, respectively. 
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Figure C15. Fluidization behavior of T-FG 5% at 1.2 – 4.7 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C17. Fluidization behavior of RH-AR 5% at 1.2 – 4.1 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C19. Fluidization behavior of RH-G 5% at 1.2 – 4.1 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C21. Fluidization behavior of CH-AR 3% at 1.2 – 4.1 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C23. Fluidization behavior of CH-G 5% at 1.2 – 4.7 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C25. Fluidization behavior of PL-AR 5% at 1.2 – 4.7 – 7.0 and 11.6 
cm/s, respectively. 
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Channeling and jetting flow 
  
       
Figure C32. Fluidization behavior of R-CG 3% at 1.2 – 5.8 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C36. Fluidization behavior of T-CG 7% at 1.2 – 5.8 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C38. Fluidization behavior of T-FG 10% at 1.2 –5.8 and 11.6 cm/s, 
respectively. 
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Figure C40. Fluidization behavior of CH-AR 5% at 1.2 – 1.5 – 5.8 and 11.6 
cm/s, respectively. 
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Figure C42. Fluidization behavior of B-CG 7% at 1.2 – 4.7 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C44. Fluidization behavior of B-CG 3% at 1.2 – 4.7 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C46. Fluidization behavior of T-CG 5% at 1.2 – 5.8 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C48. Fluidization behavior of RH-AR 7% at 1.2 – 5.8 – 8.2 and 11.6 
cm/s, respectively. 
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Figure C50. Fluidization behavior of RH-G 10% at 1.2 – 4.7 – 8.2 and 11.6 
cm/s, respectively. 
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APPENDIX D1 – RELATIVE ERRORS FROM CORRELATIONS 
BASED ON PRESSURE DROP PRINCIPLES 
Relative errors [%] of the Reynolds number at minimum fluidization of the experimental 
















S-AR 618.2 5.6 32.3 30.5 12.7 18.0 
S-G 618.8 11.0 39.0 37.2 8.2 13.8 
F-FG 527.6 10.7 11.9 10.4 26.2 30.7 
B-FG 606.8 6.5 17.1 15.6 22.7 27.4 
T-FG 605.1 1.7 27.3 25.6 16.0 21.1 
RH-AR 618.0 6.8 16.7 15.1 22.9 27.6 
RH-G 575.2 2.0 22.7 21.1 19.0 23.9 
CH-AR 616.8 13.3 41.8 39.9 6.4 12.1 
CH-G 608.3 10.9 38.8 37.0 8.3 13.9 
PL-AR 548.8 0.9 24.1 22.5 18.1 23.1 
Local mean relative error 6.9 27.2 25.5 16.0 21.2 
Local Standard Deviation 4.4 10.5 10.3 6.9 6.5 
5% w/w 
S-AR 674.6 19.3 49.3 47.3 1.4 7.4 
S-G 675.4 36.0 70.3 68.0 12.5 5.6 
F-FG 518.0 21.7 1.9 3.2 35.3 39.2 
B-FG 651.1 21.0 1.1 2.4 34.7 38.7 
T-FG 649.3 15.3 44.4 42.4 4.7 10.5 
RH-AR 673.2 6.8 16.7 15.1 22.9 27.6 
RH-G 597.4 15.3 6.1 4.7 30.0 34.2 
CH-G 656.2 27.6 59.8 57.7 5.5 0.9 
PL-AR 552.8 16.2 45.5 43.6 4.0 9.8 
Local mean relative error 19.9 32.8 31.6 16.8 19.3 
Local Standard Deviation 8.3 26.5 25.4 14.0 15.4 
7% w/w 
S-AR 736.5 24.1 55.3 53.3 2.6 3.6 
S-G 737.3 23.0 54.0 51.9 1.7 4.4 
B-FG 696.5 34.8 18.4 19.5 46.1 49.4 
RH-G 620.0 0.2 25.5 23.8 17.1 22.2 
PL-AR 556.6 12.6 41.0 39.1 6.9 12.6 
Local mean relative error 19.0 38.8 37.5 14.9 18.4 
Local Standard Deviation 13.1 16.6 15.6 18.5 18.8 
10% w/w 
S-AR 840.9 31.5 64.5 62.3 8.8 2.2 
S-G 840.9 22.8 53.6 51.5 1.5 4.6 
PL-AR 562.1 4.3 19.9 18.3 20.9 25.7 
Local mean relative error 19.5 46.0 44.0 10.4 10.8 
Local Standard Deviation 13.9 23.3 22.9 9.8 12.9 
Global mean relative error 16.3 36.2 34.7 14.5 17.4 
Global Standard Deviation 6.3 8.1 7.9 2.9 4.6 
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APPENDIX D2 – RELATIVE ERRORS BETWEEN PREDICTED AND 
EXPERIMENTAL MINIMUM FLUIDIZATION VELOCITIES EXHIBITING 


















S-AR D 20.1 50.4 48.3 6.4 7.8 
S-G D 23.2 54.2 52.2 6.0 7.1 
F-FG AB 16.2 6.9 6.8 30.7 35.0 
B-FG B 20.8 12.2 12.5 34.5 38.5 
T-FG B 8.5 35.8 34.0 10.3 15.8 
RH-AR BD 6.8 16.7 15.1 22.9 27.6 
RH-G B 5.8 18.1 16.5 22.0 26.8 
CH-AR D 20.4 50.8 48.8 6.0 6.5 
CH-G BD 13.5 42.2 40.3 6.2 11.9 
PL-AR B 8.5 32.6 30.9 12.5 17.8 
Global mean relative error = 7.3 % 
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APPENDIX E – RELATIVE ERRORS FROM DIMENSIONAL 


















S-AR 3% 3.30 3.44 4.1 
11.4 8.4 
S-G 3% 3.24 3.27 1.1 
F-FG 3% 2.82 3.66 22.9 
B-FG 3% 3.07 3.79 18.9 
T-FG 3% 3.07 3.50 12.3 
RH-AR 3% 3.15 3.88 18.7 
RH-G 3% 2.95 3.53 16.5 
CH-AR 3% 3.21 3.20 0.3 
CH-G 3% 3.12 3.24 3.6 
PL-AR 3% 2.86 3.39 15.7 
S-AR 5% 3.75 3.21 16.9 
18.6 10.8 
S-G 5% 3.63 2.81 29.2 
F-FG 5% 2.88 4.10 29.8 
B-FG 5% 3.33 4.73 29.6 
T-FG 5% 3.32 3.20 3.7 
RH-AR 5% 3.47 4.07 14.6 
RH-G 5% 3.10 4.16 25.5 
CH-G 5% 3.42 2.94 16.4 
PL-AR 5% 2.94 2.89 1.8 
S-AR 7% 4.29 3.25 32.1 
21.1 15.3 
S-G 7% 4.10 3.27 25.3 
B-FG 7% 3.62 5.80 37.6 
RH-G 7% 3.27 3.58 8.8 
PL-AR 7% 3.03 2.98 1.7 
S-AR 10% 5.32 3.32 60.2 
36.3 26.2 S-G 10% 4.96 3.54 40.2 
PL-AR 10% 3.18 3.47 8.4 
 
